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I. INTRODUCTION 
A diagnostic scheme is devised to illustrate a chain relationship 
between diabatic heating and planetary-scale divergent and rotational 
circulations. The scheme consists of the velocity-potential (x) 
maintenance equation, which relates diabatic heating and velocity 
potential, and the streamfunction ($) budget equation, which depicts the 
streamfunction tendency caused by the imbalance between streamfunction 
tendencies induced by vorticity advection and sources. The proposed 
scheme is employed to examine the effect of tropical diabatic heating 
on the annual variation of subtropical jet streams. Furthermore, the 
velocity-potential (x) maintenance equation, with which we combine the 
continuity equation and the vertical derivative of the thermodynamic 
equation, is used to explore how the 30-60 day oscillation of planetary-
scale divergent circulation is maintained. Finally, we apply the 
streamfunction (i|j) budget analysis to explore a possible interaction 
between the tropical easterly jet and the planetary-scale 30-60 day 
mode. 
A. Annual Variation of Subtropical Jet Streams 
The external energy source driving the atmospheric circulation is 
solar heating. Thus, it is generally believed that the annual variation 
of atmospheric circulation follows the annual solar heating cycle. 
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Based upon this general notion, numerous studies have explored various 
aspects of the annual variations of atmospheric circulation, such as 
the synoptic structure of wind fields (e.g., Kousky and Srivatsangam, 
1983; Weickmann and Chervin, 1988), atmospheric energetics (e.g., Wiin-
Nielsen, 1967; Kung and Soong, 1969; Chen and Buja, 1983), and numerical 
modeling with simplified atmospheric models (e.g., Kraus and Lorenz, 
1966; Otto-Bleisner et al., 1982) or full-scale sophisticated general 
circulation models (e.g., Manabe et al., 1974; Chervin, 1986). Yet a 
basic question remains unresolved: How does the atmospheric circulation 
adjust in response to the annual heating cycle in order to create the 
atmospheric annual variation? 
The most salient feature of upper-level atmospheric circulation is 
the subtropical jet streams. These jet streams exhibit a pronounced 
annual variation in their intensity and latitudinal locations, 
particularly in the Northern Hemisphere. One may be satisfied with the 
simple argument that, according to the thermal wind relation, annual 
variations of the subtropical jet streams are caused by variations of 
north-south temperature gradients in the midlatitudes. The thermal wind 
equation, however, describes a diagnostic relation between vertical wind 
shear and horizontal temperature gradient; and thus the adjustment 
processes involved in the annual variation of subtropical jet streams 
cannot be determined by employing that equation. 
Chen and Wiin-Nielsen (1976) showed that the available potential 
energy generated by differential heating is released by the atmospheric 
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divergent circulation and thereby maintains the atmospheric rotational 
circulation. Moreover, based upon the energetics analyses of three 
subtropical jet streams in the winter Northern Hemisphere (Krishnamurti, 
1961) and of east-west divergent circulation (Krishnamurti, 1971; 
Krishnamurti et al., 1973), Krishnamurti (1979) suggested that the 
establishment of three winter subtropical jet streams is related by way 
of planetary-scale divergent circulation to three tropical rainfall 
centers in the summer Southern Hemisphere. Later, Chen et al. (1988a) 
demonstrated in terms of an energetics analysis the possible interaction 
between these three subtropical jet streams and the planetary-scale 
divergent circulations associated with the three tropical rainfall 
centers. 
Recently, Chen and Tzeng (1989a,b) have shown that the annual 
variations of planetary-scale divergent circulation, tropical cumulus 
convection, and divergent water-vapor transport are in phase. Chen and 
Tzeng's results suggest that, over the three tropical continents, latent 
heat released by cumulus convection in the summer hemisphere and 
adiabatic cooling caused by other thermodynamic processes in the winter 
hemisphere maintain the annual variation of divergent circulation. 
Furthermore, it can be inferred from the energetics relation between 
planetary-scale divergent circulation and the three subtropical jet 
streams depicted in Chen et al. (1988a) that the annual variation of 
these jet streams may be related to planetary-scale divergent 
circulation. In view of findings obtained from the studies of both 
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Knshnamurti and Chen, we propose the following: The annual variation 
of subtropical jet streams is induced by an adjustment process caused 
by the chain relationship between the annual variations of tropical 
diabatic heating and planetary-scale divergent and rotational 
circulations. 
Subtropical jet streams are portrayed mainly by rotational flow 
( \Vp=kxVi|j),  which is often depicted by the streamfunction (\p). 
Additionally, the divergent circulation is delineated in terms of 
velocity potential (%) and divergent wind ( \Vp=Vx). Therefore, a 
diagnostic scheme employing a x-maintenance and a ^-budget equation and 
illustrating the chain relationship between tropical diabatic heating 
and planetary-scale divergent and rotational circulations is proposed 
in Chapter II. This diagnostic scheme is used to demonstrate the effect 
of the annual tropical diabatic heating cycle on the annual variation of 
subtropical jet streams. The annual variations of the x-maintenance and 
\f)-budget analyses are shown in Chapter IV. A summary of the causes of 
the annual variation of subtropical jet streams is also provided. 
B. Maintenance of the 30-60 day 
Oscillation of Planetary-scale Divergent Circulation 
Madden and Julian's (1972) classic schematic diagram illustrating 
the propagation and vertical structure of 40-50 day divergent 
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circulation indicated that cumulus convection associated with this low-
frequency oscillation propagates slowly eastward over the monsoon and 
the western Pacific regions. After passing through these regions, this 
cumulus convection dissipates. Krishnamurti et al. (1985) found that 
30-50 day divergence and thermal waves couple over the monsoon and the 
western Pacific regions and then decouple away from these regions. The 
coupling of these two types of waves indicates that energy input to this 
low-frequency mode occurs over monsoon regions. Lau and Chan (1985, 
1986) and Murakami et al. (1986) demonstrated from their analyses of 
outgoing longwave radiation (OLR) that the 30-60 day oscillation of 
tropical convection is most pronounced and propagates eastward most 
systematically over the equatorical Indian Ocean and the western 
Pacific. Lau and Chan also pointed out that this low-frequency 
oscillation of tropical convection exhibits an east-west oriented dipole 
during its eastward propagation over the same regions. Portraying the 
life cycle of 30-60 day oscillation in terms of velocity potential and 
OLR, Knutson and Weickmann (henceforth KW) (1987) observed that large-
amplitude OLR fluctuations propagate more slowly over the Indian Ocean-
western Pacific region and are phase-locked to the global-scale 
eastward-propagating 30-60 day divergent mode. It can be inferred from 
these studies that, particularly over monsoon regions and the western 
Pacific, the major energy source of the 30-60 day oscillation is latent 
heat released by cumulus convection. 
Both scale analysis (e.g., Holton, 1979) and the diagnostic 
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evaluation of diabatic heating (e.g., Chen and Baker, 1986) have shown 
that the vertical motion of the tropical planetary-scale circulation is 
maintained primarily by diabatic heating. Vertical motion is part of 
the atmospheric divergent circulation, which is usually expressed in 
terms of the velocity potential, x- Undoubtedly, the planetary-scale 
divergent circulation is also supported by atmospheric diabatic heating, 
especially by the latent heat released by cumulus convection over the 
tropics. Numerous studies have shown that the % field is one of the 
most sensitive variables depicting the propagation and structure of the 
planetary-scale 30-60 day oscillation (e.g., Lorenc, 1984; Krishnamurti 
et al., 1985; Knutson and Weickmann, 1987; Chen and Murakami, 1988; and 
Chen et al., 1988c). It may be asked to what extent this low-frequency 
oscillation is maintained by the effect of diabatic heating. In reply, 
we propose a diagnostic equation relating diabatic heating to velocity 
potential. Using this diagnostic relation, we are able to explore how 
the 30-60 day oscillation of planetary-scale divergent circulation is 
maintained. 
The proposed diagnostic scheme examining the maintenance of 30-60 
day X anomalies is presented in Chapter II. Data and analytical 
procedures are discussed in Chapter III. Demonstration of the effect 
of diabatic heating on the maintenance of the 30-60 day x oscillation 
is presented in Chapter V, in terms of a regular empirical orthogonal 
function (EOF) analysis. To verify in some way the proposed diagnostic 
scheme and to show synoptically the relation between the diabatic 
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heating effect and this low-frequency oscillation, composite charts of 
vertical differential heating and x anomalies at various stages of 
oscillation are constructed and compared with previous analyses of OLR 
anomalies associated, with this global low-frequency oscillation. 
C. Intraseasonal Variation of the Tropical Easterly Jet 
As shown by Krishnamurti and Bhalme (1976), the two most 
conspicuous components of the Indian monsoon circulation are the low-
level Somali jet and the upper-level tropical easterly jet (Fig. 1). 
More than three decades ago, Koteswaram (1958) pointed out that the time 
fluctuation of the tropical easterly jet is related to that of the low-
level Indian monsoon. It can be inferred from Fig. 1 that temporal 
variations of these two jets are correlated through cumulus convection 
over central India. Plausibly, a mechanism inducing the time variation 
of convective activity over this region is reflected not only in that 
of the Somali jet, but also in that of the tropical easterly jet. 
Krishnamurti and Bhalme have extensively analyzed the short-time scale 
(< 6 days) and quasi-biweekly oscillations of these two jets and other 
components of the Indian monsoon system shown in Fig. 1. Moreover, in 
the past decade, a surge of studies examining various aspects of the 
tropical intraseasonal oscillation has been occurring, but.no effort 











Figure 1. A schematic diagram illustrating significant 
components of the Indian monsoon system (from 
Krishnamurti and Blahme, 1976) 
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tropical easterly jet. 
After the Monsoon Experiment (MONEX) data became available, 
Krishnamurti and Subrahmanyam (1982) depicted synoptically the northward 
migration of the 30-50 day transient Indian monsoon troughs and ridges 
originating around the equator. They found that .the intensification 
(weakening) of the Somali jet synchronizes with the arrival of the 30-50 
day transient monsoon troughs (ridges) at 20° N. Using upper-level 
30-50 day velocity-potential anomalies, Krishnamurti et al. (1985) and 
Chen et al. (1988c) showed that this planetary-scale low-frequency mode 
propagates northeastward over the monsoon region from equatorial Africa 
to East Asia. It was suggested by Yasunari (1981) and Krishnamurti et 
al. (1985) and demonstrated by Chen et al. (1988c) that this planetary-
scale low-frequency mode over the Indian monsoon area induces the 
transient Hadley circulation. Through this circulation, the planetary-
scale 30-50 day mode couples with the low-level 30-50 day transient 
monsoon troughs and ridges, and steers these troughs and ridges 
northward. These northward-traveling 30-50 day troughs and ridges 
interact with the stationary Indian monsoon trough located in central 
India to cause the latter's deepening and filling. Earlier, Chen and 
Yen (1986) found that the intensification (weakening) of the Somali 
jet is attributed to the deepening (filling) of the stationary Indian 
monsoon trough over central India when the northward-traveling 30-60 
day troughs (ridges) reach 20° N. The time evolution of the stationary 
Indian monsoon trough results in the intensification and weakening of 
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the. Indian monsoon and establishes its life cycle. 
Murakami et al. (1984), Cadet and Greco (1987), and Chen et al. 
(1988b) showed that the 30-50 day oscillation of the Somali jet 
modulates water vapor transport to the Indian subcontinent. Thus, this 
30-50 day oscillation of water vapor transport together with the cloud 
band associated with the northward-migrating 30-50 day troughs causes 
the 30-50 day fluctuation of the Indian monsoon rainfall, as observed 
by Hartmann and Michelsen (1989). According to Koteswaram (1958) and 
implicit in Fig. 1, the tropical easterly jet responds with a 30-50 day 
oscillation to convective activity over central India. This speculation 
leads us to question how the temporal variation of the tropical 
easterly jet behaves and how the temporal variations of the Somali jet 
and the tropical easterly jet are correlated through cumulus convection. 
As discussed, the effect of the eastward-propagating planetary-
scale 30-50 day mode on the low-level Indian monsoon has become clear in 
the past decade, although the interaction between the two components has 
remained obscure. We question, however, whether, in addition to what 
Koteswaram suggested, there is a possible interaction between the 
planetary-scale 30-50 day mode and the tropical easterly jet that causes 
the 30-50 day oscillation of the latter. 
After analyzing the 1967 summer kinetic energy budget of the 
tropical easterly jet in terms of the 200 mb wind fields, Chen (1982) 
suggested that the kinetic energy of this jet is generated on the 
upstream side. The generated kinetic energy is then transported to the 
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downstream side of the jet and destroyed. Chen and van Loon (1987) 
later showed that the divergent (convergent) center of the east-west 
Walker circulation exists on the upstream (downstream) side of the 
tropical easterly jet and coincides with the divergent (convergent) 
center of the kinetic energy flux associated with this jet. It is 
likely that the northeastward propagation of the 30-50 day planetary-
scale divergent circulation over the monsoon region may perturb the 
east-west Walker circulation associated with the tropical easterly jet, 
thus resulting in the intraseasonal oscillation of this jet. 
The tropical easterly jet may be well delineated by streamfunction, 
which can be obtained by performing the inverse of the Laplacian on 
vorticity. Based upon the vorticity equation, the temporal variation 
of streamfunction can be induced through either vortex stretching or 
vorticity source, namely the divergence of vorticity flux by divergent 
flow. We therefore shall apply the streamfunction budget analysis (Kang 
and Held, 1986; Chen and Chen, 1990) to explore a possible interaction 
between the tropical easterly jet and the planetary-scale 30-50 day 
mode, which may be portrayed by velocity potential anomalies. It has 
already been shown by numerous studies that the 30-60 day mode is 
remarkably distinctive. In this study, we shall use the data generated 
for the summer by the FGGE Ill-b analyses of the European Centre for 
Medium Range Weather Forecast (ECMWF). 
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II. THE DIAGNOSTIC SCHEME 
As pointed out earlier, vertical motion, i.e., the w field, is 
part of divergent circulation, which may be related to diabatic heating 
through the vertical energy transport term (adiabatic cooling or 
warming) in the themodynamic equation. Seemingly, we are able to 
obtain the divergent circulation if diabatic heating, W^, and T are 
known. In fact, diabatic heating is difficult, if not impossible, to 
measure by a direct means although it is coirmonly evaluated by the 
residual method employing the thermodynamic equation, i.e., the heat 
budget analysis. The major deficiency of this approach is inaccuracies 
in estimating the to field, particularly over the tropics where the major 
atmospheric diabatic heating occurs. This has been discussed briefly by 
Chen and Baker (1986) and by Kasahara et al. (1987). 
Many studies using data generated by the First Global GARP 
Experiment (FGGE) Ill-b analyses of various operational centers have 
come to an agreement on long-term averaged and vertically-integrated 
global atmospheric diabatic heating (e.g., Wei et al., 1983; Johnson et 
al., 1984; Masuda, 1983, 1984; Kasahara and Mizzi, 1985; Chen and Baker, 
1986; and Kasahara et al., 1987) although some fine discrepancies still 
exist among them. According to the heat-budget analysis, this gross 
agreement may be attributed to the reliability of the field estimated 
with the FGGE Ill-b data. In contrast, Julian (1985) found that a 
disparity among FGGE Ill-b divergent wind data of different operational 
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centers exists in scales smaller than zonal wavenumber 10. Moreover, 
the gross agreement among diabatic heating data obtained by the 
aforementioned studies is drawn from a long-term mean. To explore the 
possibility of improving the specification of both initial divergent 
winds and initial diabatic heating, Kasahara et al. (1987), with FGGE 
Ill-b data from both the European Centre for Medium Range Weather 
Forecasts (ECMWF) and the Geophysical Fluid Dynamics Laboratory (GFDL), 
attempted diagnostic computations of daily diabatic heating. They 
faced difficulties, however, in verifying the daily diabatic heating • 
data generated by their analysis. 
A. Velocity-potential (%) Maintenance Equation 
The global divergent circulation is usually depicted by the 
velocity potential or the divergent wind. In view of the difficulties 
encountered by previous studies, it does not seem feasible to use 
diagnostically computed diabatic heating caused by vertical motion to 
examine the direct effect of global divergent circulation either on the 
annual variation or on the 30-60 day oscillation of divergent 
circulation. First, diagnostically computed diabatic heating data may 
contain significant bias or errors caused by the scheme used in 
estimating the w field. Second, Kasahara et al.'s (1987). study is so 
far the only one documenting daily diabatic heating for a period of 15 
14 
days during Special Observing Periods 1 and 2. We may not be able to 
verify the daily diabatic heating data obtained from the heat budget 
analysis. Under these circumstances, an alternative approach relating 
divergent circulation and diabatic heating is sought. A natural 
development would be formulating a diagnostic relation between velocity 
potential (x) and diabatic heating, without involving an explicit 
computation of diabatic heating. Thus, let us combine the continuity 
equation and the vertical derivative of the thermodynamic equation: 
+ ip&pQ) ' 
T 30 * 
where a e - and Q is diabatic heating. Because V«\V = V^x» we may 
apply the inverse of Laplacian to Eq. (1) and obtain the following 
relationship between the x field and diabatic heating: 
XQ Xha 
Let us denote Eq. (2) as the x-maintenance equation. Xg and x^A 
contributions to x by the vertical differentiation of diabatic heating 
and total sensible heat variation, respectively. The relation between 
divergent circulation, ( \V[j,x), and diabatic heating is established in 
Equation (2). 
Using Equation (1), we may be able to evaluate Xg with diabatic 
heating provided. As noted previously, the difficulty of computing Q 
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may make this approach impractical. In contrast, XQ may be obtained by 
the residual method, 
XQ = X + XHA» (3) 
without directly involving Q. Vertical differential heating may be 
inferred from 
w 
Now the time evolution and maintenance of the divergent circulation by 
diabatic heating can be realized through Equations (1) and (3). In 
fact, the practical evaluation of the XQ field in terms of Equation (2) 
may contain some computational errors. Therefore, caution in 
interpreting the generated Xg field should be exercised. 
B. Streamfunction (if;) Budget Equation' 
The vorticity equation is often used to elucidate atmospheric 
dynamics, but the vorticity budget analysis using observational data or 
model simulations of atmospheric circulation is usually too noisy and 
difficult to interpret. In other words, it may be difficult to 
illuminate the maintenance of atmospheric circulation in terms of a 
vorticity budget analysis. Atmospheric circulation is explained mainly 
by rotational flow, which is well depicted by the streamfunction. 
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Additionally, the streamfunction and vorticity are related through 
if) = V"^ç. Therefore, the streamfunction budget, analysis may be a more 
informative tool for illustrating the maintenance of atmospheric 
circulation. Applying the inverse of Laplacian to the vorticity 
equation, we obtain the streamfunction (ijj) budget equation 
H = - W^-7(5+f)] - Wp]) + ?"'F, (5) 
where F includes vertical advection, twisting, and friction terms in.the 
vorticity equation, and are streamfunction tendencies induced by 
vorticity advection and vorticity source, respectively. The effect of 
divergent circulation, ( \VQ,X)> on the time variation of streamfunction, 
is accomplished through At this point, it becomes clear that 
the chain relationship between tropical diabatic heating, which may be 
inferred from Hyp, and divergent and rotational circulations can be 
examined through the x maintenance equation—Equation (l)--and the 
budget equation—Equation (5). 
C. Application 
The diagnostic scheme is developed as above, and then the task 
becomes illustrating the chain relationship between diabatic heating 
and planetary-scale divergent and rotational circulations. To 
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accomplish this goal, we apply this scheme to the problem of the annual 
variation of subtropical jet streams. 
To explore how the annual variation of subtropical jet streams may 
be caused by the adjustment process resulting from the chain 
relationship between the annual variations of tropical diabatic heating 
and planetary-scale divergent and rotational circulations, we need to 
extract the annual-cycle components of the physical processes involved. 
Let us denote ( ) as the annual variation component of ( ). Using Eqs. 
(1), (4), and (5), we may construct a diagnostic scheme to illustrate 
the chain relationship between Q, x» and ip as follows: 
"VD = V'XQ" 
+ 
X =• XQ + XHA- (6) 
4 
h = % + 
It is clear from Equation (6) that the effect of diabatic heating on 
maintenance of the annual variation of planetary-scale divergent 
circulation is exerted through XQ. Because of its small magnitude in 
comparison with the magnitudes of and is ignored in Equation 
(6). Therefore, the tendency of the annual-variation streamfunction 
is caused primarily by an imbalance between streamfunction tendencies 
induced by vorticity source (ip^) and by vorticity advection 
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Our diagnostic analysis demonstrates that the approximation 
- V"^{- V«[ \Vp(ç+f)]}, where ( ) = annual mean, is legitimate. 
Obviously, the relation between % and \p can be built up by WQ through 
Because the annual variation of subtropical jet streams can be 
depicted with (= kxVip), the effect of the annual tropical diabetic 
heating cycle on the annual variation of these jet streams can be 
illustrated by the adjustment process, through the chain relationship 
between Q, %, and jp delineated by the diagnostic scheme of Equation (6). 
The vorticity equation may be written as 
II = - \V^.V(;+f) - V.[ \V^(ç+f)] + F. (7) 
The notation used here is conventional. Vorticity advection by 
divergent flow is combined with vortex stretching to form the vorticity 
source, the second term on the right-hand side of (7). F includes 
vertical advection, twisting, and dissipation of vorticity. To examine 
the 30-60 day streamfunction budget, we first compute the daily budget 
of vorticity departure from its seasonal mean, ç'--where ( )' = 
()-(") and (") = seasonal mean—with the following equation: 
11^  = - W -^Vç' - \V '^-V(ç+f) - W '^-Vç' - \V '^-Vç' (8) 
(a) (b) 
- V.[\V^'(ç+f)] + V.(\V c') + V-(\V^'ç') - V.( W 
A  X X X  
(c )  (d )  
+ F' 
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(8) is essentially a linear equation in time, because, as revealed from 
our diagnostic computation, terms (a) and (c) are much smaller than the 
other terms. The transient streamfunction budget can be obtained by 
performing the inverse Laplacian on (8): 
| |^= - VHW^-Vç' +\vy.v(;+f) - W^'.vç'] (9) 
-  V"2 {V [  \V^ ' ( ç+ f ) ]  +V . ( \Vc ' )  +V- ( \V^ ' ç ' )  -  V . ( \V ' ç ' ) ] }  
X  X X  
•x' 
+ V"^F'. 
We then apply the 30-60 day Butterworth bandpass filter to (9) to obtain 
the ip budget 
H  = -  V2 [  W^-Vç  +  \YV(ç+ f )  -  W^ ' .Vç ' ]  (10 )  
AV 
- V"2{V[ W (ç+f)3 + V.( w Ç) + V-( W 'Ç')} + V"=^F. 
Note that the nonlinear interaction terms, - V"^{ \V^'»Vç') and 
- V"^[V«( W'ç')], include contributions from interactions between 
various time-scale modes to the 30-60 day mode. This is because we 
would like to take the effect into account with a manageable 
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computation. We therefore adopt the approach using (8)-(10) in our \p 
budget analysis, is the ip tendency induced by the" vorticity 
advection by rotational flow, whereas rp is the ip tendency caused by the 
vorticity source associated with the 30-60 day mode, ifip is generally 
much smaller than and ip^. Moreover, based upon scale analysis and 
upon our diagnostic computation, which will be presented later, the 
approximation 
- - V2[v.( \V^f)] = (11) 
is legitimate. Because f is only a function of latitude, \p^j^ provides 
us a direct channel to explore the effect of the 30-60 day x mode on the 
time evolution of the \p field. 
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III. DATA AND METHODS 
A. Data Source 
Many aspects of the observational platform have been enhanced 
during the FGGE year. Moreover, the upper-air daily data generated by 
the Global Data Assimilation System (GDAS) of the National 
Meteorological Center (NMC) have improved significantly in the past 
several years. As pointed out by Arking et al. (1986), the cloud wind, 
aircraft observation, and OLR information at 200 mb are incorporated in 
the NMC GDAS, which retains upper-level divergent wind reasonably well. 
Because the x fields are critical to the present study, we shall focus 
our analysis at 200 mb. In order to attain at 200 mb, however, we 
î^T 
w i l l  need  t o  compu te  a  and  ( - ^  +  \V*VT)  a t  bo th  250  and  150  mb .  
Therefore, temperatures at 300, 250, 200, 150, and 100 mb; and wind 
fields at 250, 200, and 150 mb are required for our computations. 
Daily NMC GDAS data with a horizontal resolution of 2.5° (longitude) x 
2.5° (latitude) are used in this study. Data for the time periods 
1978-79 and 1984-1987 were used in the annual variation of subtropical 
jet streams study. From our recent interannual variation analysis of 
30-60 day oscillation (not shown), it indicates that this low-
frequency mode was relatively pronounced in 1979, 1985, 1986, and 1987. 
Consequently, we have selected these four years for our study of the 
maintenance of 30-60 day oscillation of planetary-scale divergent 
circulation. Regarding the intraseasonal variation of the tropical 
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easterly jet, we will focus mainly on the case study of northern suirmer 
i n  1979 .  Moreove r ,  t he  da i l y ,  ra the r  than  the  f i ve -day -mean ,  da ta  w i l l  
be used, and the analysis performed separately for each year. 
B. Methods 
1. Spectral method 
Any given meteorological variable--velocity potential x> for 
instance—can be expressed in terms of surface harmonics over the globe: 
X = C-m :n"|m| "n C 
where is the associated Legendre function and y = cos*. (|) and X are 
latitude and longitude, respectively, m is longitudinal wave number, 
and n is degree of the associated Legendre function. is the spectral 
coefficient of the x field in a surface harmonic expansion. 
Divergence of the horizontal wind field V* W is related to velocity 
potential through 
V .  y - v ' x -  C . m  = : n = | m |  * n  C  < " )  
where a is the earth's radius. According to (13), the spectral 
coefficient of the x field can be obtained by 
{ = wSrrW/a ('• "n" (14) 
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As long as divergence of the horizontal wind field, V* W, is provided 
over the globe, we may obtain'by following Ellsaesser's (1966) 
scheme. Then the global % field can be formed with (12). Obviously, 
the X Laplacian expressed with surface harmonics in (13) can be solved 
without imposing boundary conditions at the poles. 
The x^/^ field can be obtained by the same approach, as long as 
|p[^(|^ + W'VT)] is provided over the entire globe. 
2. The empirical orthogonal function (EOF) analysis 
For any of %, XQ» X^A» ^AV ^^^Tds at 200 mb, an 
M (gridpoints) x N (days) matrix F is formed. The element (f\j) of the 
matrix is determined by subtracting the time mean at each point. Based 
upon Kutzbach's (1967) procedure, the covariance matrix R, a symmetrical 
matrix, is defined as 
R = N-i(FF') (15) 
or as 
-•ij ' il fjn' 
where a prime denotes the transpose of a matrix. The EOFs are derived 
by solution of the characteristic (also eigenvector) equation 
(R - AI)E = 0, (16) 
where E contains the M modes (eigenvectors) expressed by a series e^, 
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i = l ,  M,  X  a re  t he  assoc ia ted  e igenva lues ,  and  I  is  the  i den t i t y  
matri x. 
The first eigenmode, e^ associated with Xj, accounts for the 
largest percentage of the variance in the scalar field. The second 
eigenmode, eg associated with Xg, explains the next largest variance 
not already explained. At some point, the remaining higher-order modes 
may preserve small amounts of the total variance such that they 
represent noise rather than signals. 
Combining (15) and (16), and noting that E'E = I, one may obtain 
the EOF coefficient values by 
C =  E 'F .  (17 )  
It follows that 
F = E C, 
where C is an M (modes) x N (days) coefficient matrix and where E is 
the M X N eigenvector matrix. For instance, the jth column of F may be 
reconstructed from 
^ij = ^kj Gik' i = 1' N" (18) 
The fraction of variance explained by each eigenmode is determined 
by 
M 
V K ' X K / Z  X , .  ( 1 9 ) ,  
1 -1 
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3. The bandpass filter 
In general, digital filters are applied to discrete time series by 
convolving the input time series with the weighting function of the 
filter. The procedure for N values of an input series can be expressed 
as 
where (Xq, X j, , x^_j) are the N values of the input series, (w_[^|, 
^-M+1' —' the 2M+1 values of the weighting function and 
y_M+i' ^N+M-l^ are the N+2M values of the output series. 
Based on the eighth-order "Butterworth" function (Guillemin, 1957), 
Shanks (1967), by using the so-called Z-transform (Jury, 1964) to 
demonstrate one bandpass filter, intensively exploited the recursion 
technique for the bandpass filter: 
n m 
®1 *k-l • h ^ k-r (21) 
To compute the filtered output, we need only present and past input, 
along with past output. The rate of convergence of the higher-order 
bandpass filter becomes slower, however, and it turned out that even 
the lowest order bandpass filter is able to pick up the desired 
periodicity rapidly. Murakami (1979) constructed another bandpass 
filter based on the first-order Butterworth function. The bandpassed 
output can be obtained by 
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= *(*k - "k-z' - h fk-l - >=2 h-2-
This scheme yields a far more rapid convergence than does the 
conventional filter based on weighted averages. Besides, we can 
arbitrarily specify the peak in the response curve and its bandwidth. 
We therefore adapted this scheme in our study. 
C. Procedures 
According to Eq. (2), the x and fields may be computationally 
attained by solving the Poisson equation with a relaxation method if 
V* y and |p[^(|^ +\V«VT)] are provided. Nevertheless, x and x^\p^ 
boundary conditions at the poles are necessary with this approach. 
Thus, we shall instead use the spectral method with a 31-wave truncation 
to solve the x and x^/^ fields. By this approach, boundary conditions at 
the poles no longer constitute a difficulty. 
The variance of x's departure from its annual mean is explained 
primarily in terms of the annual variation"component and intraseasonal 
oscillation. In fact, variances of x anomalies associated with these 
two modes are comparable (Chen et al., 1988c). To reduce the effect of 
intraseasonal oscillation on the analysis of the annual variation 
component, we have used monthly-mean x> Xq» —> and fields in 
our analysis. 
Two approaches are commonly used to analyze the annual variation 
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component of atmospheric circulation: the harmonic and the EOF 
analyses. Weickmann and Chervin (1988) have found that the primary 
features of the annual variation component obtained by both approaches 
correspond closely when long-term (e.g., monthly) averaged data are 
used. In the present study, the EOF analysis is adapted to extract 
annual variation components of the %, Xq> —> and departures 
from their annual mean. This option is based upon the fact that 
selected eigenmodes provide a spatially coherent correlation among 
annual variation components of circulation elements in different 
geographic locations. This advantage does not exist with a simple 
harmonic analysis. 
To extract the 30-60 day mode from the X» XQ« and fields, we 
first remove the yearly mean and the annual and semiannual cycles of 
these variables by carrying out a simple Fourier harmonic analysis of 
the daily data. The Butterworth 30-60 day bandpass filter (Murakami, 
1979) is then applied to the anomaly time series of all three variables 
remaining after the analysis. The filtered anomaly time series is used 
to construct the composite maps for various stages of the 30-60 day x 
oscillation. As mentioned in the introduction, the energy of the 30-60 
day X oscillation is primarily furnished by the latent heat released by 
cumulus convection, which has been inferred from numerous analyses of 
the OLR and x fields. We therefore chose the composite maps of the 
30-60 day x anomaly field and of the differential diabatic heating 
indicated by to illustrate the relation between these two fields. 
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We adopt KW's approach in order to construct composite charts of 
the 30-60 day x and anomalies for various stages of the low-
frequency oscillation. The composite procedure begins with selecting 
the proper cycles of this low-frequency oscillation over the four-year 
period with which this study is concerned. To select these cycles, we 
first perform an EOF analysis of the 30-60 day filtered x anomalies for 
each year. As revealed from previous studies (e.g., Lorenc, 1984 and 
Chen et al., 1988c), the first two eigenmodes of the filtered x fields 
form a distinct 30-60 day oscillation. For the purpose of forming a 
composite, cycles with maximum or minimum eigencoefficients of these 
first two eigenmodes larger than 0.8 standard deviation of the 
eigencoefficient time series over one year may be chosen. To eliminate 
some marginal cycles another consideration, is also introduced in this 
study: to be considered,•the two corresponding eigenmodes of the 30-60 
day filtered xA fields should clearly exhibit an eastward propagation. 
IV. THE ANNUAL VARIATION OF SUBTROPICAL JET STREAMS 
The major task of this Chapter is to explore how the annual 
variation of subtropical jet streams may be caused by the adjustment 
•process resulting from the chain relationship between annual variations 
of tropical diabatic heating and planetary-scale divergent and 
rotational circulations. In Section A, we will demonstrate diag-
nostically the existence of a relation between annual variations of 
tropical diabatic heating and global-scale divergent circulation. The 
northern-winter (December-February)- and northern-summer (June-August)-
mean (x, Wp) and are reconstructed by multiplying the eigen-
coefficient CI time series and El of the first x and Xg eigenmodes. The 
coincidence of the seasonal-mean Hyp and (x, WQ) centers convincingly 
demonstrates that the annual seesaw oscillation of global-scale, 
divergent circulation follows the oscillation of tropical diabatic 
heating caused by the north-south migration of the sun. To demonstrate 
the linkage between annual variations of tropical diabatic heating and 
the  sub t rop i ca l  j e t  s t ream sugges ted  by  K r i shnamur t i  ( 1979 ) ,  we  w i l l  
examine the relations among the time evolutions of and ip^ 
in Section B and illustrate how \p is adjusted to create its annual 
variation through and and, in turn, through x* The imbalance 
between and ip^^ creates the annual variation component of the 
streamfunction tendency, ip^, which is responsible" for the annual 
variation of streamfunction, ip. Finally, a summary is given in Section 
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A. X Maintenance Analysis 
The EOF analysis generally does not provide any a priori physical 
meaning for the obtained eigenmodes. A particular physical signal, 
however, may stand out from the EOF analysis if the signal is 
sufficiently significant. The temporal variation and amplitude of such 
a signal can be revealed from the eigencoefficient time series of an 
eigenmode (or eigenmodes) delineating it. Moreover, the spatial 
structure of the physical signal is portrayed by the corresponding 
eigenvector (or eigenvectors). Displayed in Fig. 2a are eigen­
coefficient time series (solid line) of the first %, XQ» and 
eigenmodes — CI (x), CI (XQ). and CI (X^A)» respectively. With a 
single maximum and a single minimum value of these three eigen­
coefficient time series over a year, annual variations of the X» XQ> 
and X|^^ fields are represented by their first eigenmodes.^ 
^Based upon the EOF analysis of the four-year (1974-1978) OLR data, 
Heddinghaus and Krueger (1981) identified two annual variation modes of 
tropical cumulus convection: winter-summer and spring-fall. The former 
explains about 66% of the total variance, whereas the latter explains 
about 6%. As can be inferred from Eqs. (2) and (4), annual variations 
of tropical cumulus convection and x field may be related to each other 
through released latent heat. We may therefore expect that the x field 
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Figure 2. The first eigenmode of the x> XQ> and departures from 
their annual means: (a) Eigencoefficient time series 
( so l i d  l i nes )  w i th  t he i r  annua l  ha rmon ics  (do t ted  l i nes ) ;  
and (b) the corresponding eigenvectors. The contour 
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Figure 2 (Continued) 
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• The NMC GDAS has been updated and modified over the past years. 
Noticeable increases in the CI (x) and CI (xg) maximums and minimums in 
1986 and 1987 may well be attributed to changes in the NMC GDAS. As 
revealed from the CI (x) and CI (xg) time series and from their 
corresponding eigenvectors (discussed later), the changes made in the 
NMC GDAS do not alter the fact that annual variations of .the x and Xg 
fields, and even of the X|^^ field, are delineated by their first 
eigenmodes. Table 1 shows that the total variances of these fields are 
explained primarily by their first eigenmodes. Additionally, the large 
fractional variances, which are determined by the first harmonics of 
the CI (x), CI (xg). and CI (x^^) time series, confirm that the first 
eigenmodes of x, Xg> and x^^ well represent the annual variation 
component of these fields. 
Some other interesting features of the first eigenmodes of x, Xg» 
and x^^ are also revealed in Table 1. Amplitudes of the first harmonics 
of the CI (x) and CI (xg) time series are comparable, whereas the 
amp l i t ude  o f  t he  f i r s t  ha rmon ic  o f  t he  C I  ( x^^ )  t ime  se r i es  i s  ha l f  o f  
large. The maximum values of the first CI (x) and CI (xg) harmonics 
occur in July, but the maximum value of the first CI (x^^) harmonic 
appears in late April. The maximum and minimum atmospheric thermal 
energy values occur in northern summer and winter, respectively. As 
indicated by the first CI (xj^^^) harmonic, however, the maximum increase 
in atmospheric thermal energy occurs in spring. The contrast among 
these characteristics of the x» Xg> and first eigenmodes seems to 
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Table 1. Variance (VE) explained by the first eigenmodes of the x» Xg» 
and fields and fractional variance (FV) explained by the 
annual (12-month) harmonic of the eigencoefficient time series 
of these first eigenmodes. Both VE and FV are expressed in 
terms of percentage (%). The maximum dates of the.annual 
harmonics of eigencoefficient time series are denoted by 
(month/day), i.e., by the parenthesized number following FV. 
Variable Eigenmode VE(5) FV(%)(phase) Amplitude (m^s"^) 
1 62.5 83.2 (7/28) 1.27x10? 
1 . 67.9 86.9 (7/9) 1.41x10? 




Table 2. The same as Table 1, except for the ip, ip^, ip^^, and ip_^ fields. 
Variable Eigenmode VE(%) FV(%)(phase) Amplitude 
4, 1 87.5 97.2 (2/2) 1.24x10® m^s"' 
1 40.8 51.3 (11/24) 17 m^s"^ 
1 68.1 87.7 (1/8) 462 m^s"^ 
ip^, 1 52.6 78.9 (1/7) 466 m^s"^ 
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reaffirm that the annual variation of the x field follows that of the 
field. As suggested by both Equations (4) and (6), the annual 
variation of tropical diabatic heating maintains that of global-scale 
divergent circulation. Table 1 also shows that the first harmonie of 
CI (xq) reaches its maximum date about two to three weeks ahead of that 
of CI (x). This phase lag may also support the argument that tropical 
diabatic heating induces the annual cycle of global-scale divergent 
circulation. 
The horizontal structure of the x annual variation component 
revealed from the eigenvector of the first x eigenmode. El (x), is 
shown in Fig. 2b. El (x) is characterized by significant north-south 
gradients across the equator and by three pairs of positive-negative 
centers located on each side of the equator, over the three tropical 
continents. El (x)'s structure is the same as that shown by Chen et 
al. (1988c), who employed wind data generated by the FGGE Ill-b analyses 
of the ECMWF. This comparison confirms our previous claim that the 
improvement of the NMC GDAS increases both maximum and minimum values of 
CI (x) but does not change the basic structure of the x annual variation 
component. As exhibited in Fig. 2b, El (XQ) resembles El (x) but 
differs remarkably from El (x^^/\)- As indicated by the x^^ = 0 contour. 
El (xj^^) primarily exhibits a wavenumber-one structure with a marked 
north-south extent from the midlatitudes of the Southern Hemisphere to 
those of the Northern Hemisphere. The horizontal gradients of El (XH /\) 
are significant along the XUA = 0 contour. Once again, the resemblance 
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between El (x) and El (xg) supports the argument that the annual 
variation of global-scale divergent circulation portrayed by x is 
maintained primarily by that of tropical diabatic heating. 
It has been demonstrated by Kasahara (1982) and by Chen and Baker 
(1986) that tropical diabatic heating is counterbalanced by the upward 
1 • 
transport of thermal energy (or adiabatic cooling), i.e., - a w  -  Q -
P 
As mentioned earlier, vertical motion (w) is diagnostically related to 
the divergent circulation. Following the approximated tropical thermal 
relation demonstrated by Kasahara and by Chen and Baker, Equations (2) 
and (4) suggest that both H^Q (= V^Xq) and (x> Wg) centers may coincide 
if the annual variation of divergent circulation is maintained by that 
of diabatic heating. To substantiate this argument, we construct the 
northern-winter (December-February)- and northern-summer (June-August)-
mean (x, Wp) and (Fig. 3) by multiplying the CI time series and El 
of the first x and Xg eigenmodes. 
It has been observed in previous studies that the annual variation 
components of cumulus convection inferred from the OLR analysis (e.g., 
Chen and Tzeng, 1989b) and of precipitable water (e.g., Chen and Tzeng, 
1989a) exhibit three positive (negative) centers over the three tropical 
continents of the summer (winter) hemisphere, respectively. Most 
atmospheric diabatic heating in the tropics is contributed by latent 
heat released from cumulus convection. We therefore expect tropical 
diabatic heating centers to coincide with the annual-cycle centers of 
OLR and precipitable water. According to the approximated tropical 
Figure 3. The northern-winter (December-February)- and northern-summer 
(June-August)-mean annual variation components of planetary-scale 
divergent circulation, ( Wp, x)» superimposed by the same 
seasonal-mean annual variation component of vertical differential 
heating, The contour interval of x is 10® m^s"^ and of 
is 0.04 s"i. The positive (negative) values larger (smaller) 
than 0.04 s~^ (-0.04 s'^) are heavily (lightly) shaded. 
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thennal equation proposed by Kasahara (1982) and by Chen and Baker 
(1986), we also expect centers of strong upward motion, which couple 
with centers of (%, \Vp), to be maintained by diabatic heating. In 
Fig. 3, Hyp centers are relatively consistent with OLR and precipi table 
water centers obtained by Chen and Tzeng (1989a,b). The coincidence of 
the seasonal-mean and (%, W^) centers convincingly demonstrates that 
the annual seesaw oscillation of global-scale divergent circulation 
follows the oscillation of tropical diabatic heating caused by the 
north-south migration of the sun. Apparently, global-scale divergent 
circulations adjust themselves in a timely fashion in response to the 
annual variation of tropical diabatic heating. 
Based upon the monthly-mean meridional circulation model 
constructed by Oort and Rasmussen (1970), Lindzen and Hou (1988) have 
recently pointed out that mean meridional circulation is almost always 
in a solstitial pattern dominated by a single winter cell extending 
from the summer to the winter hemisphere. Cumulus convection associated 
with the ascent branch of the Hadley circulation is located on the 
poleward side of this ascent branch. The zonal average of the annual-
cycle divergent circulation shown in Fig. 3 is equivalent to the 
seasonal-mean annual-cycle component of the Hadley circulation of the 
upper troposphere. As can be inferred from Fig. 3, the zonal averages 
of \VQ and Hyp are relatively consistent with Lindzen and Hou's 
assessment. 
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B. \p Budget Analysis 
In Section A, we demonstrated diagnostically the existence of a 
relation between annual variations of tropical diabatic heating and 
global-scale divergent circulation, as described by Equation (6). To 
show the linkage between annual variations of tropical diabatic heating 
and the subtropical jet stream suggested by Krishnamurti (1979), 
however, we need to explore the relation between x and i(j, i.e., the 
second step of the proposed diagnostic scheme shown in Equation (6). 
According to Equation (6), the ip tendency, ip^, is caused largely by an 
imbalance of streamfunction tendencies induced by the vorticity source, 
and by vorticity advection, In order to illustrate how ip is 
adjusted to create its annual variation through ip^ and and in turn 
through %, we need to examine the relations among the time evolutions of 
and Therefore, the adjustment of the subtropical jet 
stream to generate its annual variation, which is portrayed by 
Vp = kxVi^, caused by the annual variation of tropical diabatic heating 
can be real ized through the relat ion between and x* 
By performing an EOF analysis of the \p, — \p^ departure from their 
annual means, we apply the same procedure used in Section A to obtain ip, 
ipt> '^x' eigencoefficient time series (solid lines) of the 
first ip, eigenmodes, CI (i |j), CI (4^ ) ,  CI (4^y) ,  and CI (ip^), . 
respectively (Fig. 4a), and the variances and fractional variances 
explained by the corresponding eigenmodes (Table 2) clearly indicate 
Figure 4. The first eigenmodes of the ip, and departures from 
their annual means: (a) Eigencoefficient time series (solid 
lines) with their annual harmonics (dotted lines); and (b) the 
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that annual variations of the \p, — f i e l d s  a r e  w e l l  r e p r e s e n t e d  b y  
their first eigenmodes. It was revealed in Section A that the updatings 
and changes of the NMC GDAS enhanced the annual variation of global-
scale divergent circulation in 1986-1987. The amplitude of the CI (I|J) 
time series (Fig. 4a and Table 2) does not give us the impression that 
the annual variation of atmospheric rotational circulation intensified 
noticeably during these two years. Based upon their energetics analysis 
of the Northern Hemisphere, both Krueger et al. (1965) and Wiin-Nielsen 
(1967) found that a significant difference exists between the springtime 
decline and the autumn buildup in several atmospheric energy variables, 
in that the former is generally smaller than the latter. Fleming et al. 
(1987) have pointed out that the most pronounced spring/autumn 
differences in local zonal wind in the Northern Hemisphere are 
associated with the subtropical jet streams and are stronger during 
spring. The contrast between the CI M time series and the annual 
harmonic (dashed line) of this time series (Fig. 4a) does not suggest 
that this time asymmetry of the annual variation component of 
atmospheric rotational circulation is included in this first \p 
eigenmode. 
It has been noted previously that the time evolution of the 
streamfunction tendency induced by vorticity source, ip , may follow 
that of X through Wg. The in-phase time evolutions of the CI (ip^) (Fig. 
4a) and CI (%) (Fig. 2a) time series support this argument. Both Fig. 
4a and Table 2 show that the CI (4^) and CI (^^y) time series match 
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well, not only regarding time evolutions, but also regarding annual 
harmonic amplitude—for which their values are AMPl and AMPl 
respectively. Additionally, Table 2 shows that AMPl is about 3-4% 
of either AMPl or AMPl These facts provide evidence that ip^ 
and counterbalance each other and that the imbalance between and 
results in Mathematically, the time evolution of \p is 
determined by the integration of the streamfunction tendency, \p^. It 
is therefore expected that the time evolutions of and \p have a 1/4 
cycle difference. This quadrature relation in time between the CI (4^) 
and CI (i|j) time series is evident in Fig. 4a. 
Shown in Fig. 4b are the structures El El El and 
El Because the annual variation components of rotational flow 
( \Vp = kxVil^) and its acceleration ( = kxVtj;^) are determined by the 
horizontal gradients of ip and ip^, respectively, the zonal nature of the 
El (i|j) and El (4^) structures indicates that and \V[^^ are dominated by 
their zonal components. The north-south gradients of both ip and \p^ are 
most pronounced in the subtropics of both hemispheres; and the values of 
both \V(^ and \V(^^ are large there. The details of these two fields 
associated with the subtropical jet streams will be discussed later. 
Note that ip may be approximated by ^ ,, whose annual variation is 
X X 
essentially determined by \VQ. AS revealed in both Fig. 2b and Fig. 3, 
X exhibits a distinct cellular structure in the zonal direction; thus it 
is not surprising that El (ip ) (Fig. 4b) possesses a structure similar 
to that of X* Figure 4a shows that the CI (4^) and CI time series 
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both vary in phase, in time. We have argued that and 
counterbalance each other; likewise, we expect the spatial distributions 
of these two physical processes to be opposite in sign. In fact. 
El exhibited in Fig. 4b, behaves as expected. 
Let us now illustrate the annual variation of subtropical jet 
streams through the adjustment of the ip field in physical space. The 
northern-winter-mean W^, and are displayed in Fig. 5. In 
the Northern Hemisphere, the subtropical jet streams move from about 
30° N in winter to about 45° N in summer (e.g., Palmen and Newton, 
1969), and the intensity of these jet streams decreases significantly 
from winter to summer. Because of this seasonal variation .in the 
intensity of the subtropical jet streams, their pronounced annual 
variation components and their acceleration (or deceleration), which is 
indicated by shaded areas in the two top figures of Fig. 5, essentially 
coincide in location with the winter subtropical jet streams. This is 
also true of the subtropical jet streams of the Southern Hemisphere 
although \Vp and \Vp^ of the two hemispheres are opposite in direction 
because the hemispheres are hosts to opposite seasons. Apparently, the 
annual variation of subtropical jet streams follows that of \p. Because 
ip is obtained from the time integration of ip^, any physical mechanism 
creating ip^ would be the cause of a time evaluation of the ip field. 
Synoptically, vorticity is generated in the trough and then 
transported to the ridge in the downstream side of subtropical jet 
streams, where it is destroyed (Petterssen, 1956). By applying this 
Figure. 5. The winter (December-February)- mean annual 
variation component of \V(^ (=kxVi//), (=kxVi|;^), 
and i|;^. The contours superimposed on Vp are 
isotachs with an interval of 5 ms~^; the contours 
on are equal acceleration lines with an 
interval of 10'® ms'^. | Wp|> 10 ms"^ and 
I 2x10"® ms"2 are shaded. The positive 
values of and are also shaded. The contour 
intervals of both and are 40 m^s"^. 
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synoptic notion, Chen and Chen (1990) have shown that the vorticity 
source in the upstream (downstream) side of subtropical jet streams 
produces a negative (positive) streamfunction tendency, namely, that it 
deepens (heightens) the trough (ridge). In contrast, the vorticity 
advected by jet streams generates a positive (negative) streamfunction 
tendency on the upstream (downstream) side of subtropical jet streams. 
Note that the horizontal gradient of ip , i.e., Vij; , is a divergent 
component of vorticity flux, i.e., [ \V(ç+f)]p. In order to clarify 
the function of vorticity source in the ip budget, Vip is superimposed 
on in Fig. 5 to show how vorticity is diverged (converged) out of 
(towards) its source (sink) region. At any rate, the contrasts among 
^AV' indicate that. Chen and Chen's (1990) findings regarding 
the ip budget are applicable to the ip budget associated with the annual 
variation component of subtropical jet streams. 
The annual variation component of global-scale divergent 
circulation (x, Wg) (Fig. 3) diverges the atmospheric air mass, 
following the north-south migration of tropical diabatic heating, from 
the summer to the winter hemisphere. Over each hemisphere, (x, Wg) 
reverses its direction once a year. It was been mentioned in Chapter II 
that \p^ can be well approximated by ip^j^ = - v"^{v«[(ç+f) Wp]}. This 
approximation can be confirmed by comparing the northern-winter-mean ip 
(Fig. 5) and tp^^ (Fig. 6). Because (ç+f) is the annual-mean absolute 
vorticity, the time evolution of is caused by Wg (= The 
annual variation of tp^ is decisively determined by. that of global-scale 
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Figure 6. The winter (December-February)- mean annual 
variation component of i|)^2(=-V"^{V-[(ç+f) Wp]}). 
The positive values of are shaded. The 
contour of ^ , is 40 and the vectors XI -
superimposed on the ^ contours are 
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divergent circulation, (%, \VQ). The annual seesaw oscillation of 
(x, Wjj) between the two hemispheres also causes the flip-flop 
oscillation of . That is to say, \p changes its sign once a year. 
To counterbalance ip^, should also change its sign once a year after 
the time evolution of ip . The imbalance between ip and ip... results in X X AV 
both ip^ and ip. Therefore, the latter two fields reverse their signs 
once a year. The annual flip-flop oscillations of ip^ and ip are 
reflected in the annual variations ofWp and Wj^^. To be specific, the 
northern-summer-mean \Vp, \Vp^, ip^^, and (not shown) are the same as 
their northern-winter-mean counterparts (Fig. 5), with the signs 
reversed. 
C. Summary 
Taking into account Namias and Clapp's (1949) confluence theory, 
Blackmon et al. (1977) have illustrated the maintenance of subtropical 
jet streams with ageostrophic circulation driven by cyclone waves. 
Ageostrophic circulation is thermally direct upstream of the jet core, 
with a rising motion on the equatorward side and thermally indirect 
downstream of the jet core, with an upward motion on the poleward side. 
From their case study, Sechrist. and Whittaker (1979) have demonstrated 
the existence of ageostrophic circulations associated with subtropical 
jet streams, just as Blackmon et al. (1977) expected. Using an 
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energetics analysis of the atmospheric time-mean flow, Holopainen (1978) 
has inferred that subtropical jet streams are maintained as a result of 
the balance of kinetic energy generation by ageostrophic circulation and 
divergence of kinetic energy flux. Regarding their spatial extent, 
maintenance of subtropical j.et streams by the ageostrophic-circulation 
mechanism is only a regional effect. 
Ageostrophic circulations maintaining subtropical jet streams are 
coupled with vertical motion. For example, the climatology of the 
atmospheric general circulation indicates that subtropical jet streams 
are rather predictably located over three regions in the Northern 
Hemisphere (e.g., Krishnamurti, 1961). Regarding the maintenance of 
subtropical jet streams, Blackburn (1985) has raised the following 
question: How are the subtropical jet streams related to the centers 
of tropical convection, where the ascents of hemispheric-scale divergent 
circulation are situated? Krishnamurti (1979) has proposed a schematic 
diagram suggesting that the establishment of the three subtropical jet 
streams in the Northern Hemisphere is related to rainfall centers over 
the three tropical continents. Fleming et al. (1987) have speculated 
that the intensity contrast of the subtropical jet streams between 
spring and fall is affected by the outflow from the tropical convection 
centers. Since subtropical jet streams are portrayed mainly by 
rotational flow, the hemispheric interaction of divergent and rotational 
circulations is perhaps a physical process important to the maintenance 
of subtropical jet streams. 
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Both regional ageostrophic and hemispheric divergent circulations 
contribute to the maintenance of some subtropical jet streams. Chen 
et al. (1988a) have subsequently argued that some consistency exists 
between these two effects. Using the energetics scheme of divergent 
and rotational flows proposed by Chen and Wiin-Nielsen (1976), Chen et 
al. (1988a) have demonstrated that the hemispheric divergent-circulation 
effect can be illustrated in terms of the divergent kinetic-energy 
equation and that the regional ageostrophic-circulation effect can be 
elucidated by the rotational kinetic energy equation. These two effects 
supporting subtropical jet streams can be related through the 
interaction of divergent and rotational flows. 
Most tropical diabatic heating is contributed to by the latent heat 
released from cumulus convection. As suggested by the annual variations 
of tropical convection activity inferred from the water-vapor budget 
(Chen and Tzeng, 1989a) and OLR (Chen and Tzeng, 1989b), tropical 
diabatic heating must also possess a pronounced annual variation 
component with centers located over the three tropical continents. 
According to the suggestions of Krishnamurti (1979) and Fleming et al. 
(1987), the annual variation of subtropical jet streams should be 
related to that of tropical diabatic heating. It does not seem that 
Chen et al.'s (1988a) energetics approach is capable of shedding much 
light on this matter. 
In order to explore the possible effect of tropical diabatic 
heating on the annual variation of subtropical jet streams, a simple 
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diagnostic scheme is proposed to link tropical diabatic heating and 
planetary-scale divergent and rotational circulations. This chain 
relationship is portrayed in terms of the velocity-potential (x) 
maintenance equation and the streamfunction (i|j)-budget equation. The 
former equation relates diabatic heating to velocity potential, whereas 
the latter depicts the effect of divergent circulation on the 
streamfunction tendency through that induced by the vorticity source. 
By analyzing the five-year (1978-1979 and 1984-1987) global data 
generated by the NMC GDAS, we are able with the proposed diagnostic 
scheme to illustrate how the annual tropical diabatic heating cycle 
affects the annual variation of subtropical jet streams. It is observed 
that the annual variation of planetary-scale divergent circulation, 
( Wg, x)» exhibits over the three tropical continents a pair of 
convergent-divergent centers on each side of the equator, in addition 
to a pronounced cross-equator flow from the summer to winter 
hemispheres, over the entire globe. Divergent (convergent) centers are 
associated with tropical diabatic heating (cooling) centers in the 
summer (winter) hemisphere. The annual variations of both tropical 
diabatic heating and planetary-scale divergent circulation exhibit an 
in-phase seesaw oscillation between the winter and summer hemispheres. 
This coherent relation between the two types of annual variations 
supports the notion that the time evolution of planetary-scale divergent 
circulation follows that of the annual tropical diabatic heating cycle. 
The annual seesaw oscillation of planetary-scale divergent 
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circulation between the two hemispheres causes the annual variation of 
the streamfunction tendency induced by vorticity source, ip^, which is 
primarily determined by \VQ. Moreover, the ip^ field should be balanced 
by the annual variation of the streamfunction tendency induced by 
vorticity advection, ip^^y. The imbalance between ip^ and jp^^ creates the 
annual variation component of the streamfunction tendency, which is 
responsible for the annual variation of streamfunction, ip. The annual 
variation of subtropical jet streams is depicted with horizontal 
gradients of the \p field, and thus the physical mechanisms causing 
should stimulate the annual variation of subtropical jet streams. 
The relation between annual variations of tropical diabatic heating 
and subtropical jet streams was established by the simple diagnostic 
scheme proposed in this study. The diagnostic results of this study 
not only illustrate the adjustment process by which subtropical jet 
streams create their annual variation in response to annual variations 
of tropical diabatic heating, but also offer a way of verifying climate 
simulation by full-scale, sophisticated general-circulation models. 
Additionally, tropical forcing can have a significant influence on the 
atmospheric circulation extending to latitudes far from the tropics. 
The most pronounced short-term climate problem of this sort is the El 
Nino-Southern Oscillation phenomenon (Rasmussen and Carpenter, 1982). 
Before attempting to probe the interannual variability of the 
atmospheric climate system, however, a better understanding of the 
climatological-mean annual variation is strongly desired. If we can 
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explain the cause of the average annual variation of atmospheric 
circulation, we can more confidently describe year-to-year variations 
from the mean. 
We must confess that our diagnostic results still fall short of 
demonstrating the direct response of subtropical jet streams to any 
fluctuation in tropical diabatic heating. Recently, using an equivalent 
barotropical model with a proper forcing, Kang and Held (1986), Held 
and Kang (1987), and Sardeshmukh and Hoskins (1988) showed that 
extratropical perturbations of rotational flow can be induced by 
tropical upper-level divergent circulation, which is maintained 
primarily by diabatic heating. The approaches of Held and Kang (1987) 
and of Sardeshmukh and Hoskins (1988) may warrant further efforts 
towards proving the direct response of subtropical jet streams to the 
tropical annual heating cycle. 
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V. MAINTENANCE OF THE 30-60 DAY 
OSCILLATION OF PLANETARY-SCALE DIVERGENT CIRCULATION 
Numerous studies analyzing OLR data have suggested that cumulus 
convection injects energy into the 30-60 day oscillation of planetary-
scale divergent circulation. Because the latent heat released by 
cumulus convection constitutes a major part of tropical diabatic heating 
and because divergent circulation is well portrayed by the velocity 
potential, (%), it is inferred that the 30-60 day % oscillation is 
maintained by diabatic heating. By using the proposed y-maintenance 
equation, we are able to explore how the 30-60 day oscillation of 
planetary-scale divergent circulation is maintained. Based upon a 
regular EOF analysis of the 30-60 day filtered x» XQ« and anomalies, 
the 30-60 day % oscillation is shown in Section A to be primarily 
maintained by the differential diabatic heating effect, which can be 
inferred from the Laplacian of the filtered XQ anomalies, i.e., by the 
Hyp anomalies. To understand the geographic relation between the 
differential diabatic heating effect and the 30-60 day x oscillation, 
the composite charts of the anomalies during various stages of this 
oscillation were constructed in Section B. The resemblence of the 
and OLR anomalies in terms of geographic distributions indicates that 
the differential diabatic heating effect maintaining the 30-60 day x 
oscillation is attributable to the latent heat released by cumulus 
convection. A sumnary is given in Section C. 
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A. Empirical Orthogonal Function (EOF) Analysis 
According to Lorenc's (1984) EOF analysis of the x field, the 
eastward propagation and structure of the 30-60 day x oscillation are 
characterized by the two following properties: 
1) This low-frequency oscillation is formed by two EOF eigenmodes 
possessing a wavenumber-1 structure and spatially in quadrature. 
2) The eigencoefficient time series of these two eigenmodes, CI and C2, 
are about 1/4 cycle different in phase. The magnitudes of CI and C2 
are comparable. The eastward propagation of this low-frequency 
oscillation is reflected by an anticlockwise circular locus of the 
CI (ordinate)- C2 (abscissa) phase diagram. 
As shown in Table 3, the first two eigenmodes explain most of 
the variance of the three x» XQ» and X|^Y^ anomalies. The first two 
eigenvectors, EOFl and E0F2, of each variable are similar for all four 
individual years. In illustration, therefore, only the 1986 case is 
displayed. The first two eigenvectors of all variables (Fig. 7) are 
spatially in quadrature, which is characteristic of eastward-propagating 
30-60 day x oscillation. The structures of the x and Xq eigenvectors 
are similar to a great extent. The maximum and minimum centers of 
EOFl (x) and EOFl (x^) are located over the Australian monsoon region 
and equatorial Africa, respectively; whereas those of E0F2 (x) and 
E0F2 (xq) are located over central America and the equatorial Indian 
Ocean, respectively. As revealed from the study of tropical 
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Table 3. Variance (VE) explained by the first two eigenmodes of the 
30-60 day filtered %, XQ» and anomalies for 1979, 1985, 
1986, and 1987. 
Variable Eigenmode 1979 VE(%) 1985 VE(%) 1986 VE(%) 1987 VE(%) 
X 1 46.5 44.4 50.4 41.3 
2 39.8 29.2 33.8 36.7 
Xq 1 50.6 52.1 47.4 48.2 
2 23.3 25.8 27.9 25.4 
XHA 1 37.6 51.4 44.7 33.7 
2 27.4 18.9 24.8 27.3 
Figure 7. The first two eigenvectors of the 30-60 day filtered x (a), XQ (b), 
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climatology, these centers coincide with those of tropical convection 
activity (e.g., Liebmann and Hartmann, 1981), atmospheric diabatic 
heating (e.g., Chen and Baker, 1986), and divergent water-vapor 
transport (e.g., Chen, 1985). 
Although Fig. 7c shows that the gross spatial structure of EOFl 
(%%&) [E0F2 (xw^)] is similar to that of E0F2 (%) [EOFl (%)] (Fig. 7a), 
centers of EOFl (x^^) and E0F2 (x^^) ^re located in the subtropics of 
the Northern and Southern Hemispheres, respectively. The contrast 
between the spatial structures of the-Xq and x^;^ eigenvectors suggests 
that the 30-60 day oscillation of divergent circulation may be 
maintained primarily by the effect of diabatic heating. 
Displayed in Fig. 8 are the eigencoefficient time series of the 
first two eigenmodes of the XQ> and XY^ anomalies. The 30-60 day 
oscillation cycles of all three variables can be determined from their 
eigencoefficient time series. Evidently, most of the 30-60 day 
oscillation cycles of the x and Xq fields synchronize, but thbse of the 
X^^ field do not. As described by Lorenc (1984), the CI (x) time series 
is about 1/4 cycle ahead of the C2 (x) time series—a feature typical 
of eastward propagating 30-60 day x oscillation. This phase contrast 
between the two eigencoefficient time series appears in the two XQ 
eigenmodes, but not in the two X^a eigenmodes. In fact, the CI (xy^^ 
and C2 (x^^^ time series do not exhibit a regular phase relation. 
Apparently, Lorenc's second criterion for the existence of eastward 
propagating 30-60 day oscillation is not found in the XUN anomalies. 
Figure 8. Eigencoefficient time series of first (solid) and second (dashed) 
eigenmodes of the 30-60 day filtered X» XQ> and fields at 
200 mb. Dots attached to eigencoefficient curves indicate the 
dates used for the composite maps of 30-60 day anomalies shown in 
Figs. 3 and 4. The unit of x, XQ> and eigencoefficients is 
10^ m^s'i; and that of x^^ eigencoefficients is 10® m^s"^. 
,.«,'",01 
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Note that the eigencoefficient value at any given time represents the 
signal level (or amplitude) of the corresponding eigenvector. As 
revealed in Fig. 8, the amplitudes of the eigencoefficient time 
series are generally smaller than those of the % and XQ eigencoefficient 
time series. The contrasts among the two eigencoefficient time series 
of the X: XQ> and XY/\ fields strongly support the previous suggestion 
that 30-60 day x oscillation is maintained essentially by the diabatic 
heating effect. 
To illustrate further the eastward-propagation characteristic of 
the 30-60 day oscillation portrayed by the X» XQ» and X|^^ anomalies, 
we display the C1-C2 phase diagrams in Fig. 9 for 1986 summer and for 
1987/1988 winter. The C1-C2 circular loci of the x and Xg eigenmodes 
are anticlockwise and relatively regular. The amplitudes of CI and C2 
are also comparable in this figure, indicating that the 30-60 day 
oscillation depicted by the x or Xq anomalies propagates eastward at a 
relatively constant speed, as can be observed from Hovmoller diagrams 
(not shown). In contrast, the C1-C2 phase diagrams of the x^^ 
eigenmodes behave in a relatively irregular manner, and the magnitudes 
of CI and C2 are small. Obviously, the x^^ anomalies do not possess a 
regularly eastward-propagating 30-60 day mode, as the x and x^ 
anomalies do. 
Eq. (2) indicates that 30-60 day x oscillation should be maintained 
by the 30-60 day modes of the xq and x^/\ fields. Additionally, Lorenc 
(1984) found that, based upon an EOF analysis of x anomalies from which 
Figure 9. Phase diagrams of the EOF eigencoefficients CI 
and C2 of Xg» and anomalies for 1986 
summer and .1987/1988 winter. On the anticlockwise 
circular locus, A—D of the 1986 summer case 
represent April—July, 1987, respectively; and 
A---E of the 1987/1988 winter case represent 
October, 1987—February, 1988, respectively. 
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the annual-mean and seasonal-cycle components have been removed, two 
conditions exist in which an eastward propagating 30-60 day % 
oscillation can be formed. We employ Lorenc's analytical procedure to 
extract the 30-60 day modes of the %, XQ» and fields. An EOF 
analysis of the 30-60 day filtered x> XQ> and anomalies shows that 
the first two eigenmodes of the x and Xg anomalies satisfy both of 
Lorenc's conditions, but that those of the Xy;\ anomalies fail to. 
Moreover, the structures of the first two x and XQ eigenmodes are alike, 
and their corresponding eigencoefficient values are comparable. It can 
be concluded from these aforementioned properties of the first two 
eigenmodes of the x and Xg anomalies that 30-60 day x oscillation is 
maintained primarily by the diabatic heating effect. 
B. Composite Results 
1. Composite synoptic maps 
The major contributor to tropical diabatic heating is the latent 
heat released by cumulus convection. Thus, some previous studies have 
analyzed OLR data to infer qualitatively the possible relation between 
30-60 day oscillation and cumulus convection and, in turn, diabatic 
heating. As discussed in Chapter III, the EOF analysis of the 30-60 
day filtered x> XQ» and x^/^ fields indicates that the adiabatic heating 
effect represented by the XUA field does not provide any vital impact 
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on the eastward propagation of the 30-60 day x oscillation. In other 
words, this low-frequency oscillation is maintained primarily by the 
diabatic heating effect. Nevertheless, we may not be able to perceive 
with simply the two eigenmodes of the x and Xq fields obtained in 
Section A the physical relation between differential diabatic heating 
and the 30-60 day x oscillation. Instead, we may need to project the 
30-60 day modes of the x and Xg fields to physical space. According to 
Eqs. (1) and (4), in physical space, the contrast between the 30-60 day 
filtered x and (= V^XQ) anomalies for various stages of this low-
frequency oscillation would give us a geographically direct view of 
this relationship. For illustrative purposes, we adopt the composite 
procedure proposed by KW to construct composite synoptic maps of the 
30-60 day x oscillation, for various stages of this low-frequency 
oscillation over a composite cycle. Cycles of this low-frequency 
oscillation which have been chosen for the composite are indicated 
with dots on the x eigencoefficient time series (Fig. 8).. 
The composite 30-60 day x anomalies for every five days are 
superimposed on the corresponding Hyg anomalies obtained from the 30-60 
day XQ anomalies and are displayed in Figs. 10 and 11, for northern 
summer and winter, respectively. The negative (positive) x anomalies 
are denoted by dashed (solid) contours, and the positive (negative) Hyg 
anomalies with values larger (smaller) than 0.04S"^ (-0.04S"^) are 
heavily (lightly) shaded. Note that divergent (convergent) winds at 
the upper troposphere are coupled with upward (downward) motions. We 
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therefore superimpose divergent wind vectors derived from % anomalies 
on the contours of the latter in order to indicate coupled vertical 
motion. 
Chen (1985) has shown that the east-west and local Hadley 
circulations converge large amounts of water vapor towards three 
tropical continents. Cumulus convection is maintained by vertical 
motion and by water vapor supply. The eastward propagation of the 
global-scale 30-60 day % oscillation is evident in both Figs. 10 and 
11. Thus, convection activity is expected to be enhanced (suppressed) 
when the divergent (convergent) cell of the 30-60 day % oscillation 
propagates over the tropical continents. Consequently, latent heat 
released by the cumulus convection associated with this oscillation and 
occurring over these continents fluctuates accordingly. Because 30-60 
day X oscillation is maintained by tropical diabatic heating, which is 
contributed mainly by latent heat, the feedback effect of latent heat 
fluctuation may enhance this oscillation. This speculation is supported 
by significant positive (negative) anomalies over the Indian Ocean-
western Pacific region. Central America, and equatorial Africa when 
the divergent (convergent) centers of 30-60 day x oscillation pass 
through these regions. In the meantime, the divergent or convergent 
centers of the 30-60 day x anomalies also intensify over these regions. 
Analyzing the 30-60 day oscillation of OLR over the Indian Ocean-
western Pacific region, Lau and Chan (1985, 1986) identified a dipole 
structure of OLR anomalies. KW pointed out that the OLR fluctuations 
Figure 10. The composite 30-60 day x anomalies are 
superimposed on the composite 30-60 day HyQ(=V^XQ) 
anomalies for northern summers (May-October). 
The negative (positive) values of x anomalies are 
represented by dashed (solid) contours. Vectors 
are divergent wind anomalies associated with x 
anomalies. The negative (positive) values of 
smaller (larger) than -0.04 s"^ (0.04 s"^) are 
lightly (heavily) shaded. The contour interval 
of X anomalies is 6x10® m^s"^, and that of Hyp 
anomalies is 0.04 s"^. 
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Figure 10 (Continued) 
Figure 11. The composite 30-60 day x anomalies are 
superimposed on thé composite 30-60 day Hyg 
(= V^XQ) anomalies for northern winters (December-
February). The negative (positive) values of x 
anomalies are represented by dashed (solid) 
contours. Vectors are divergent wind anomalies 
associated with x anomalies. The negative 
(positive) values of smaller (larger) than 
-0.04 s"^ (0.04 s'z) are lightly (heavily) shaded. 
The contour interval of x anomalies is 6x10® 
m^s'i, and that of anomalies is 0.04 s"^. 
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Figure 11 (Continued) 
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associated with global 30-60 day x oscillation over this region are 
consistent with Lau and Chan's OLR dipole structure. In fact, our 30-60 
day Hyjj anomalies in this region behave in the same manner as do KW's 
OLR anomalies. As revealed from Categories 12-1 and 6-7 of Figs. 10 and 
11, the Indian Ocean-western Pacific region is the only region expansive 
enough from east to west to accommodate a pair of divergent-convergent 
centers of 30-60 day % oscillation once every half-cycle of oscillation. 
Since a large water vapor content is available for convection activity 
over this region, the existence of Lau and Chan's OLR dipole becomes 
evident. 
Murakami and Nakazawa (1985) and KW observed that centers of the 
30-60 day x and OLR anomalies appear on or north of the equator during 
northern summer and on or south of the equator during northern winter, 
perhaps due to the influence of the solar heating cycle. The x and 
Hyjj anomaly centers shown in Figs. 10 and 11 also exhibit these 
characteristics. The consistency in several aspects of KW's and our 
analyses of x anomalies is not surprising. Moreover, the similarities 
between the spatial distributions and seasonal variations of our Hyg 
anomalies and KW's OLR anomalies over the three tropical continents 
during various stages of the 30-60 day x oscillation substantiate the 
argument that the Hyp anomalies associated with this low-frequency 
oscillation are contributed to primarily by the latent heat released 
from cumulus convection. 
Finally, we should point out some differences between KW's and our 
80 
analyses. In our analysis, centers of x anomalies propagating through 
tropical South America during northern winter are much weaker than 
those in KW's. Furthermore, the anomalies in this season do not 
show marked centers, as KW's OLR anomalies do over the same tropical 
continent. Note that KW analyzed the 1979-1984 NMC GDAS data, but the 
present study used the 1978-1979 and 1985-1987 NMC GDAS data. Can the 
interannual variation of global divergent circulation cause these 
differences? May these differences be attributed to changes of the NMC 
GDAS over the years? The reason for the differences between the two 
studies is not yet clear to us. 
2. Composite Hovmoller diagrams 
An eastward propagation characteristic of the 30-60 day oscillation 
has emerged from both the EOF analysis of % and XQ and from the 
composite maps of the x and anomalies. An overall view of the 
eastward propagation of this low-frequency oscillation, as depicted by 
variables analyzed in this study, has yet to be established, however. 
To this purpose, composite Hovmoller diagrams of x, Hyg, and Xq 
anomalies averaged over a latitude zone in the tropics (Fig. 12) were 
constructed following KW. The slanted solid line on each panel of 
Fig. 12 denotes the eastward propagation, at a speed of about 10 ms"^, 
of the maximum x anomalies for each season. In Chapter III, we have 
shown that 30-60 day x oscillation is maintained primarily by the 
Figure 12. Longitude-category (time) diagrams of composite 
30-60 day anomalies averaged over the 
Equator-10° N for May-October (a-c) and .averaged 
over the Equator-10° S for November-April (d-f). 
The slanted solid line on each panel represents 
the eastward propagation of the maximum x 
anomalies at a speed of about 10 ms"^. The 
negative values of Xq» and anomalies are 
lightly shaded. The positive values of are 
lightly shaded, and > 3x10"^ s"^ is heavily 
shaded. The contour interval of both x and Xg 
is 10® m^s'i, and that of HyQ(=V^XQ) is 
3x10": s'l. 
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NH SUMMER NH WINTER 
(a) x(200mb) (May-October) (d) x(200tnb) (November-April) 
(b) HvD(200mb) (e) HvD(200mb) 
(c) Xq(200mb) (f) Xq(200mb) 
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diabatic heating effect. In Fig. 12, it can be clearly seen that 
negative (positive) x anomalies, which are associated with divergent 
(convergent) or upward (downward) vertical motion, match the positive 
(negative) anomalies. Moreover, in spite of the uneven distribution 
of anomalies, i.e., the forcing along the tropical belt, the 30-60 
day X oscillation propagates eastward at a relatively constant speed. 
Examining the intraseasonal oscillation simulated by general 
circulation models (GCM), Lau and Lau (1986) and Pitcher and Geisler 
(1987) have presented composite Hovmoller diagrams either of convective 
heating or of the precipitation anomalies associated with this simulated 
low-frequency mode. The propagation speed of their model low-frequency 
oscillation is faster than that obtained in the present study. Thus, 
no attempt was made to compare composite Hovmoller diagrams of 
anomalies with those of the GCM's diabatic heating or precipitation 
anomalies. Instead, we compare our diagrams with those of KW's OLR 
anomalies. Surprisingly, the composite Hovmoller diagrams of Hyp 
anomalies for both seasons (Figs. 12b and e) are consistent with those 
of KW's OLR anomalies. For example, KW found that the maximum amplitude 
of OLR anomalies exists in the eastern hemisphere and propagates more 
slowly than do the x anomalies in the longitudinal sector between 60° E 
and 160° E during northern summer. In contrast, eastward propagation 
of both OLR and x anomalies is more consistent during northern winter. 
We find the same characteristics true of H^Q anomalies over this region. 
The eigencoefficient time series of the first two x eigenmodes 
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shown in Fig. 8 reveal that 30-60 day x oscillation is stronger in 
northern summer than in northern winter. The water vapor content over 
the Indian Ocean-western Pacific is also greater during this season 
than during northern winter. Thus, in the northern summer, cumulus 
convection can be triggered by the divergent cell of the 30-60 day x 
oscillation over the western Indian Ocean before the divergent center 
of this oscillation moves into the Indian Ocean. In contrast, cumulus 
convection may still be maintained by the divergent cell over the 
western Pacific even after the divergent center of the 30-60 day x 
oscillation moves eastward out of this region. Cumulus convection 
resulting from the response of the atmospheric system in the Indian 
Ocean-western Pacific region to this low-frequency oscillation makes 
the apparent eastward propagation of the OLR and Hyp anomalies appear 
slower than that of the x anomalies. As indicated by Fig. 8, the 
intensity of the 30-60 day x oscillation is generally weaker during 
northern winter, which implies that the vertical motions coupled with 
the 30-60 day x oscillation are weaker, as well. Therefore, convective 
activity may be induced only around the center of the 30-60 day x 
oscillation's divergent cell, where vertical motions are sufficiently 
strong. Given this likelihood, the apparent eastward propagation of 




It has been implied by previous studies analyzing the OLR data 
that the energy is input into the 30-60 day % (velocity potential) 
oscillation by cumulus convection. Because the latent heat released 
by cumulus convection constitutes the major part of tropical diabatic 
heating, it is suggested that the 30-60 day x oscillation is maintained 
by the diabatic heating effect. As pointed out by Chen and Baker (1986) 
and by Kasahara et al..(1987), the diagnostic computation of atmospheric 
diabatic heating that employs the thermodynamic equation method often 
suffers from inaccurate computations of vertical motion. Thus, it is 
difficult, if not impossible, to use computed diabatic heating directly 
to explore its effect on the 30-60 day x oscillation. To circumvent 
this dilemma, we propose a simple diagnostic scheme in which we combine 
the continuity equation and the vertical differentiation of the 
thermodynamic equation to form a x-maintenance equation. In this 
equation, velocity potential x is expressed as the difference between 
contributions from vertical differential diabatic heating, XQ» and from 
vertical differential adiabatic heating (or vertical differentiation of 
the total sensible heating variation), x^y^- The diabatic heating effect 
on X maintenance can be revealed through Xq. 
Lorenc (1984) found that, based upon an EOF analysis of the x 
anomalies which removes annual-mean, annual- and semiannual-cycle 
components, the 30-60 day x oscillation is characterized by two basic 
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properties: (1) this low-frequency mode is composed of the first two % 
eigenmodes, which possess a wavenumber-1 structure and are spatially in 
quadrature; and (2) the eastward propagation of this low-frequency mode 
is illustrated by phase diagrams constructed with corresponding 
eigencoefficients and exhibiting an anticlockwise circular locus as a 
function of time. The NMC GDAS data for the periods of 1978-1979 and 
1985-1987 were used to compute the %, XQ> and fields at 200 mb. 
Following Lorenc's two properties of eastward-propagating 30-60 day x 
oscillation, we have asserted in terms of the EOF analyses of all three 
fields that the adiabatic effect (x^^) does not provide a vital 
contribution to the eastward propagation of this oscillation. Instead, 
it appears that this low-frequency oscillation is maintained primarily 
by the diabatic heating effect (xg). 
In order to examine the spatial relation between vertical 
differential heating (Hyp = V^Xg) and the 30-60 day x oscillation, the 
composite procedure proposed by KW to explore the same relation between 
OLR and the 30-60 day x oscillation has been adapted in this study. 
For various stages of the 30-60 day x oscillation, the spatial 
distributions of OLR anomalies obtained by KW and the anomalies of 
this study resemble each other. This resemblance suggests that 
anomalies associated with this low-frequency mode may be attributable 
to the latent heat released by cumulus convection. 
Because the XQ field is obtained by the residual method, this 
variable, as well as H^Q, may be subject to computational errors. 
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depending upon the quality of the NMC GDAS data. Nevertheless, the 
implication of the effect of diabatic heating on the maintenance of the 
30-60 day % oscillation by the EOF analysis of the X» XQ> and field 
and by the resemblance of the spatial distributions of Hyg and OLR 
anomalies associated with this low-frequency oscillation indicates the 
feasibility of the proposed diagnostic scheme. The major drawback of 
this study is that we focus on the 200 mb level, where the x field is 
best depicted by the NMC GDAS data (Arking et al., 1986). It is our 
hope that the quality of the x field depicted by the NMC GDAS data 
over the entire troposphere can be improved in the near future so that 
diabatic heating associated with the 30-60 day oscillation can be 
computed via the proposed diagnostic scheme. 
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VI. INTRASEASONAL VARIATION OF THE TROPICAL EASTERLY JET 
It is widely recognized that the 30-60 day oscillation exerts the 
most profound impact on the life cycle of the Indian monsoon system, 
the most distinctive element of the Indian monsoon is the tropical 
easterly jet. Although Krishnamurti and Blahme (1976) examined the 
biweekly oscillation of this jet, no attempt has been made to explore 
(1) whether the tropical easterly jet possesses a 30-60 day oscillation, 
(2) what mechanism may cause such an intraseasonal oscillation of the 
jet, or (3) what the possible impact of such intraseasonal oscillation 
would be on either the monsoon or weather systems of adjacent regions. 
In this Chapter, we will explore possible answers to the first two 
questions; in the summary section, we will discuss the third question. 
In Section A, we sought 30-60 day oscillation characteristics of the 
tropical easterly jet, especially the southern part of this jet. A 
possible explanation of these characteristics was presented in Section 
B. The synoptic relations among (x, Vx) (200 mb), OLR, and ip (200 mb) 
makes clear the synchronization of the 30-60 day oscillations of the 
tropical easterly jet and the Somali jet. The significant outcome of 
the I/;-budget analysis demonstrates the possibility that the 30-60 day 
oscillation of the southern part of the tropical easterly jet is a 
response of the upper-level monsoon circulation to the eastward-
propagating X mode. 
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A. 30-60 Day Oscillation of the Tropical Easterly Jet 
The latent heat released by cumulus convection contributes to most 
tropical diabatic heating. This contribution can be inferred from OLR 
analyses observed by satellite (e.g., Liebmann and Hartmann, 1981) and 
evidence from the water-vapor budget (e.g., Chen, 1985). According to 
the x-maintenance equation developed in Chapter II, the northern summer-
mean divergent circulation, (x, Vx) (200 mb) (Fig. 13a), is primarily 
maintained by the diabatic heating centered at the South China Sea, 
where the upward branch of the east-west Walker circulation exists. 
Over the Asian monsoon region, the upper-level circulation depicted by 
streamlines possesses the South Asian high to the north of the equator 
and the Indian Ocean high to the south of the equator. The tropical 
easterly jet straddles the contiguous region between these two high 
systems. Using the equatorial wave theory and a simple analytic model, 
Gill (1980) showed that a tropical heat source (i.e., mass source of the 
continuity equation) can stimulate an eastward-propagating Kelvin wave 
and a westward-propagating mixed gravity-Rossby wave. These two wave 
modes couple over the forcing region and possibly form a doublet-high 
system of the monsoon. Gill's theory was applied by Chen et al. (1989) 
to delineate the establishment of the Southern Hemisphere monsoon. The 
contrast between (x, Vx) (200 mb) and W (200 mb) over the Asian monsoon 
region suggests that Gill's theory may also explain the formation of 
this monsoon system. 
Figure 13. Climatology of the upper-level monsoon circulation 
during 1979 northern summer: (a) divergent 
circulation (x.VX) (200 mb), where x is velocity 
potential and v;c is divergent wind vector ( \Vp) ; 
(b) streamlines at 200 mb and wind vector 
[ \V(200 mb)]; and (c) the root mean square (RMS) 
of the 30-60 day filtered u (200 mb). The 
positive Values of x are shaded in (a) and the x 
(200 mb) contour interval is 2x10' m^s"^. In (b), 
I \V(200 mb)( > 15 ms~^ is heavily shaded and 
15 ms"^ > I \V(200 mb)| > 10 ms"^ is lightly 
shaded. The contour interval of u (200 mb) RMS 
is TMS'i, and u (200 mb) RMS > 3MS'^ is shaded. 
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It was demonstrated by Chen et al. (1988a) that the monsoon life-
cycle is generated by the modulation of the eastward-propagating 30-60 
day mode on the monsoon developed by the annual heating cycle. Based 
upon either the energetic interaction between rotational and divergent 
flows proposed by Chen and Wiin-Nielsen (1976) or the tropical monsoon 
circulation with equatorial waves established by Gill (1980), we may 
infer from the synoptic relation between the upper-level monsoon 
divergent and rotational circulations depicted previously that the 
eastward-propagating 30-60 day x oscillation may perturb and cause the 
low-frequency oscillation of the upper-level monsoon circulation. In 
particular, the tropical easterly jet may undergo this low-frequency 
oscillation induced in some way by the 30-60 day x oscillation. The 
root mean square (RMS) of the 30-60 day filtered u (200 mb) field (Fig. 
13c) suggests that the most significant 30-60 day oscillation of the 
tropical easterly jet appears in the southern part of the jet. Magana 
and Yanai (1990) delineated the time evolution of the South Asian high 
affected by the 30-60 day oscillation. In contrast, Chen (1985) 
analyzed T (200 mb) over the Tibetan high but did not find a pronounced 
30-60 day oscillation of this thermal field during the monsoon season. 
The small variance of the 30-60 day filtered u (200 mb) over this region 
is not surprising. 
Koteswaram (1958) argued that the fluctuation of the tropical 
easterly jet is related to the fluctuation of the low-level Indian 
monsoon circulation. Sikka and Gadgil (1980), Krishnamurti et al. 
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(1985), Chen et al. (1988c), and others have found that cumulus 
convection associated with the Indian monsoon trough over central India 
exhibits a 30-60 day oscillation. As can be inferred from Krishnamurti 
and Blahme's (1976) schematic diagram of the Indian monsoon system, the 
northern part of the tropical easterly jet may posses this low-frequency 
oscillation via the suggested link to cumulus convection. This is not 
the case as revealed from Fig. 13c, however. Seemingly, the mechanism 
inducing the possible 30-60 day oscillation in the southern part of the 
tropical easterly jet differs from the linkage speculated upon here. 
In order to develop a clearer view of the 30-60 day oscillation of 
the tropical easterly jet, time series of u (200 mb) (solid lines) along 
75° E for every 5° latitude, ranging from 10° S to 20° N, are displayed 
in Fig. 14. The dotted curves obtained by a least-square fit to these 
time series of u are a combination of the summer mean (May-September) 
and seasonal-cycle components of u (200 mb), whereas the oscillatory 
dashed curves represent a sum of the summer mean, seasonal cycle, and 
the 30-60 day filtered u (200 mb). Let us denote the former combination 
by ( ) and the 30-60 day component by ( ). A pronounced u (200 mb) 
signal appears from 5° N southward until easterlies become insignificant 
around 10° S, where the ridge line of the Indian Ocean high is located. 
The maximum amplitude of u (200 mb) can reach 6 ms~^ at 5° S. 
The intensity of the Somali jet is highly correlated with the 
arrival of the transient monsoon troughs and ridges at 20° N from the 
equator (Krishnamurti and Subrahmanyan, 1982), as well as with the 
Figure 14. Time series of 850 mb height Z (850 mb) averaged 
over the central part of the Indian monsoon trough 
within the region (60°-90° E, 15°-30° N) and of 
u (200 mb) along 75° E every 5° latitudes, ranging 
from 20° N to 10° S. The solid curves are the 
real time series of Z (850 mb) and u (200 mb). 
The dotted curves represent a combination of 
summer (5/10-10/15)-mean, ("), and seasonal cycle, 
( ), determined by a least square fitting. The 
dashed curves are the sum of (~), ( ), and the 
30-60 day component, ( ). 
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deepening and filling of the Indian monsoon trough (Chert and Yen, 1986). 
Accordingly, we use the area-mean height Z (850 mb) over central India, 
which covers a part of the Indian monsoon trough, as an index of the 
30-60 day oscillation of the low-level Indian monsoon, particularly of 
the Somali jet, to better outline the relation between the Somali and 
tropical easterly jets. The contrast between the time series of monsoon 
area^means [Z (850 mb) + Z (850 mb)] and [u (200 mb) + u (200 mb)] 
around the equator (5° N, 0°, 5° S) seemingly indicates that these two 
jets differ in phase to a great extent. To quantify this assessment, 
we compute with different lags the lag-correlation coefficients between 
these two time series. As shown in Fig. 15, the maximum correlation 
coefficient between the two time series is about ± 3 days. Surely, the 
30-60 day oscillation of the Somali and tropical easterly jets are more 
or less in phase. 
B. A Possible Explanation 
The northern part of the tropical easterly jet, as revealed from 
Figs. 13c and 14, does not exhibit a significant signal of the 30-60 day 
oscillation. Thus, it can be inferred that the pronounced impact of the 
30-60 day mode on the low-level Indian monsoon system does not exert any 
significant regional effect on the tropical easterly jet through the 
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Figure 15. Correlation coefficients between Z (850 mb) and 
u (200 mb), along 75° E at various latitudes with 
different lags. 
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On the other hand, as shown in Fig. 15, the 30-60 day oscillation of 
the low-level Indian monsoon circulation and the 30-60 day oscillation 
associated with the southern part of the tropical easterly jet almost 
synchronize. Previous studies, e.g., Krishnamurti et al. (1985) and 
Chen et al. (1988a) have shown that the 30-60 day oscillation of the 
low-level monsoon circulation is essentially induced by the eastward-
propagating 30-60 day mode. This near-synchronization between the 
intraseasonal oscillations of the two jets suggests that the 30-60 day 
oscillation of the tropical easterly jet can be attributed to a direct 
interaction between the eastward-propagating 30-60 day x mode and the 
upper-level monsoon rotational circulation, which includes the tropical 
easterly jet. To prove this hypothetical possibility, we shall perform 
the streamfunction budget analysis (Kang and Held, 1986; Chen and Chen, 
1990) of the upper-level monsoon circulation. 
1. Synoptics 
Before engaging the streamfunction budget analysis in detail, we 
ought to understand the synoptic structure of the 30-60 day rotational 
and divergent circulations for various phases of the monsoon system. 
We use [u (200 mb) + u (200 mb)] at (25° E, 0°) as an index by which to 
select three minimum phases (15/30-6/3, 7/11-7/15, 8/22-8/26) and two 
maximum phases (6/20-6/24, 7/31-8/4) of the tropical easterly jet. 
Accordingly, we display five-day averaged W (200 mb), tp (200 mb), and 
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[ (x ,  Vx)  (200 mb), OLR] for the selected five phases in Fig. 16. 
Regardless of the complicated Vp (200 mb) structure over East Asia, 
a simple alternation of 30-60 day northeasterly and southwesterly 
anomalies exists between north of 15° S and south of 5° N. This 
alternation of (200 mb) direction, which of course includes the 
\Vp (200 mb) magnitude, constitutes the 30-60 day oscillation of the 
southern part of the tropical easterly jet. The (200 mb) anomalies 
can be well represented by (200 mb) (Fig 16b), which exhibits a 
clear north-south alternation between positive and negative ip (200 mb) 
anomalies. Note that the positive (negative ) (200 mb) anomalies 
denote clockwise (counterclockwise) rotational flow. The main concern 
of the current study is to examine whether alternation of the \jj (200 mb) 
anomalies associated with the easterly jet during various phases of the 
jet's time evolution can be induced by the eastward-propagating 30-60 
day X mode. 
Displayed in Fig. 16a are the five-day averaged (x ,  Vx)  (200 mb) 
and OLR anomalies for five selected phases of the 30-60 day oscillation 
of the tropical easterly jet. When the south westerly (north easterly) 
anomalies of W (200 mb) associated with the southern part of the 
tropical easterly jet reaches their maximum, a major divergent 
(convergent) center of (x, Vx) (200 mb) appears over the South China 
Sea and a minor convergent (divergent) center of (x, Vx) (200 mb) over 
South Africa. Moreover, the negative (heavy-shaded) and positive 
(light-shaded) OLR anomaly bands alternate in the north-south direction. 
Figure 16. The 5-day averaged synoptic charts of (a) (%, Vx) (200 mb) 
superimposed with OLR, (b) 30-60 day filtered streamfunction 
ij; (200 mb), and (c) 30-60 day filtered rotational wind vector 
Wp (200 mb) for various phases of the 30-60 day oscillation of the 
tropical easterly jet. The contour intervals of x (200 mb) and 
(200 mb) are 10® m^s~^ and 2x10® m^s"^, respectively. 
OLR < -10 (> 10) Watt m~^ is heavily (lightly) shaded. Positive 
(200 mb) anomalies are shaded in (b). 
(a) Ix.^ x) (200mb) and OLR 
5/30-6/3 4m." 































The negative (positive) OLR anomaly band extends from the Arabian Sea 
eastward, across the Indian subcontinent and Indochina, to the South 
China Sea and the western Pacific; and when the southern part of the 
tropical easterly jet reaches its maximum (minimum), a minor positive 
(negative) OLR anomaly band locates around the equator south of India. 
According to Sikka and Gadgil (1980), Krishnamurti et al. (1985), and 
Chen et al. (1988a), the Somali jet intensifies as the cloud band 
associated with the transient monsoon troughs migrates northward to 
central India. Therefore, the synoptic relations among (%, Vx) 
(200 mb), OLR, and ip (200 mb) revealed from Fig. 16 make clear once 
again the synchronization of the 30-60 day oscillations of the tropical 
easterly and Somali jets. 
The last issue to address is how the eastward-propagating 30-60 day 
X mode interacts with the upper-level monsoon circulation to induce the 
30-60 day oscillation of the latter. In the past, Krishnamurti and 
Ramanathan (1982) and Chen and Yen (1986) applied the energetics scheme 
of rotational and divergent flows proposed by Chen and Wiin-Nielsen 
(1976) to examine the effect of the 30-60 day x mode on low-level 
monsoon circulation. The energetics analysis, of course, sheds light 
on the physical processes stimulating this 30-60 day oscillation. 
Nevertheless, the energetics analysis cannot provide information 
concerning the change of flow direction. Because the streamfunction, 
whose gradients are horizontal winds, is often used to portray 
atmospheric flow, the streamfunction budget analysis would be a more 
103 
proper method of illustrating the interaction between intraseasonal 
X and \p modes. 
2. Streamfunction budget analysis 
The y-t diagrams of ifj, ^x' averaged from 72.5° E 
to 77.5° E, i.e., centered at 75° E, are displayed in Fig. 17. A clear 
north-south alternation with a period of about 45 days between positive 
and negative ip anomalies around the equator can be seen in the top 
panel. Because positive (negative) ip denotes anticyclonic (cyclonic) 
flow, the north-south alternation of ip at the equator reflects the 
alternation of east and west" motions. If the 30-60 day x mode 
propagates regularly eastward, the x anomalies at 75° E must also 
exhibit an alternation of positive and negative x anomalies with a 
period of about 45 days. The y-t diagram of x shown in the second 
panel of Fig. 17 characterizes what is expected. The next question 
facing us is how the eastward-propagating x mode induces the north-
south alternation of ip over this monsoon region. 
The third and fourth panels of Fig. 17 show that and ip^ are 
opposite in sign. This means physically that the \p tendency induced 
by the. vorticity source associated with the 30-60 day mode is 
counterbalanced by the ip tendency induced by horizontal vorticity 
advection by rotational flow. As mentioned earlier, ip^ is generally 
much smaller than and ij;^. The ip tendency, namely the time evolution 
Figure 17. The y-t diagrams of jp (200 mb), % (200 mb), 
(200 mb), (200 mb), and (200 mb) 
averaged between 72.5° E and 77.5° E, mainly 
centered at 75° E. The contour intervals used 
are (200 mb) 2x10® m^s"^, x (200 mb) 10® m^s"^, 
(200 mb) 50 m^5"^, (200 mb) 50 m^s"^, and 
(200 mb) 50 m^5"^. The positive values of all 
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of ip, should be primarily attributed to the imbalance between and 
According to (10), has a complicated mathematical expression. 
However, the contrast between and y-t diagrams (Fig. 17) show 
clearly that the ip tendency induced by vorticity source is more or 
less contributed by the vortex-stretching effect. Since f is only a 
function of latitude, the time evolution of is completely controlled 
by the or x field. That is to say that the eastward-propagating x 
mode results in the time evolution of ^ , or ^ , which is in turn 
XJ- X 
counterbalanced by the ip tendency induced by horizontal vorticity 
advection. The y-t diagrams of the ip budget at 75° E (Fig. 17) 
demonstrate that the north-south alternation of \p at the equator may 
be induced by the eastward-propagating x mode. 
Some interesting features regarding the y-t diagrams of the ip 
budget are worth mentioning. Careful examination of Fig. 17 reveals 
that \p^ is somewhat larger than ip^^, particularly north of the equator. 
Additionally, the time evolutions of \p and almost synchronize before 
the end of August. In contrast, the time evolutions of ip and ip_^ or ip 
and ipj^^ south of the equator are in quadrature; ip^ leads ip and ipj^^ lags 
behind ip. Analyzing the streamfunction budget of stationary eddies 
(4^), Chen and Chen (1990) found that the ip^ tendency induced by 
vorticity source (^i^^) and by horizontal advection of vorticity (^i^^^) 
are opposite in sign and spatially in quadrature with respect to the ip^ 
structure. As shown in Fig. 17, the distinction between the \p budgets 
north and south of the equator may be due to differences between monsoon 
107 
and midlatitude dynamics; the ^ budget north (south) of the equator is 
characterized by the monsoon (midlatitude) nature. 
The y-t diagrams of the ip budget along 75° E provide only the 
localized view on the response of the ip field to the eastward-
propagating X mode. The five-day averaged charts of ip^, and 
during the maximum (5/30-6/6) and minimum (6/20-6/24) phases of u 
(75° E, 0°)'s first half cycle are shown in Fig. 18 for the entire 
monsoon region. The x flip-flop oscillations (Fig. 16c) during the 
maximum and minimum phases of u (75° E, 0°) result in those of and 
i|j . The resemblance between ^ and ^ , is not limited to 75° E as 
revealed from Fig. 17, but exists over the entire domain of analysis. 
It was observed in Fig. 17 that time evolutions of ip and ip or of ^ 
and -ipj^^ are in phase north of the equator, along 75° E. This very 
feature of the ip budget appears in Fig. 18. In contrast, south of the 
equator, the time evolution of ip^ or leads that of \p, and ip^^ lags 
behind ip. In other words, ip may reach its maximum and minimum when ip 
and ipj^y reach their transition periods. We can still perceive, 
however, that the spatial structure of ip^^ and ip^ south of the equator 
and midlatitudes over Northeast Asia and the Middle East behave 
similarly to the budget analyzed by Chen and Chen (1990). Namely, 
we perceive that ip is spatially in quadrature with respect to \p^ and 
In summary, the most significant outcome of the i|^-budget analysis 
is the demonstrable possibility that the 30-60 day oscillation of the 
southern part of the tropical easterly jet is a response of the upper-
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Figure 18. The 6-day average synoptic charts of (a) (200 mb), (b) I (200 mb). and 
(c) (200 mb). The vectors displayed on (b) and (c) are % and vi ,, 
respectively, to indicate the ip tendency induced by the source^of sink^of 
vorticity. The positive values of all quantities are shaded and the contour 
interval of all quantities is 50 tn^s"^ 
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level monsoon circulation to the eastward-propagating x mode. 
C. Sumnary 
In the past decade, numerous studies with time scales ranging from 
2-6 days to 30-60 days, have been devoted to examining the quasi-
periodic fluctuations of various components of the Indian monsoon. It 
has been well documented that 30-60 day oscillation exerts the most 
profound impact on the life cycle of the Indian monsoon system. The 
most distinctive element of the Indian monsoon is the tropical easterly 
jet. Although Krishnamurti and Blahme (1976) examined the biweekly 
oscillation of this jet, no attempt has been made to explore (1) whether 
the tropical easterly jet possesses a 30-60 day oscillation, (2) what 
mechanism may cause this intraseasonal oscillation, or (3) what the 
possible impact of this intraseasonal oscillation would be on the 
monsoon or weather systems of adjacent regions. 
Data generated by the FGGE Ill-b analyses of the ECMWF for 1979 
summer (May-September) were used in this study. The southern part of 
the tropical easterly jet south of 5° N over the Indian Ocean was found 
to exhibit a 30-60 day oscillation with an amplitude of 6 ms"^ at 
(75° E, 5° S). This oscillation almost synchronizes with the 30-60 day 
oscillation of the Indian monsoon troughs; the latter couples with the 
30-60 day oscillation of the low-level Indian monsoon circulation. 
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particularly of the Somali jet. Krishnamurti et al. (1985) and Chen et 
al. (1988c) showed that 30-60 day oscillation, i.e., the life cycle of 
the low-level Indian monsoon circulation, is caused primarily by the 
eastward-propagating 30-60 day mode. The synchronization between the 
intraseasonal oscillations of the upper-level tropical easterly jet and 
the low-level Somali jet seems to suggest that the former oscillation 
is also induced by the eastward-propagating 30-60 day mode instead of 
by direct coupling between these two jets. The large-scale upper-level 
monsoon atmospheric circulation, which includes the tropical easterly 
jet, can be well portrayed by streamfunction. A budget analysis of the 
30-60 day streamfunction (i)^) anomalies at 200 mb over the monsoon region 
is performed to illustrate the effect of eastward-propagating divergent 
circulation mode on the time evolution of the monsoon tp field. 
The y-t diagrams of various ^^budget quantities along 75° E were 
used to illustrate how the 30-60 day velocity potential (x) mode 
interacts with the upper-level monsoon flow to induce the 30-60 day 
oscillation of the tropical easterly jet. The ip tendency induced by 
vorticity source (^^) is mostly contributed by that generated by the x 
mode. This ip tendency, i.e., ip^, is counterbalanced by the ip tendency 
induced by horizontal vorticity advection with intraseasonal oscillation 
(i|^^y). The imbalance between \p^ and results in the major part of 
the ip time evolution. The further contrast between the synoptic 
structure of the x> ^^^Ids for various phases of the 30-60 
day oscillation of the tropical easterly jet supports the argument that 
I l l  
this oscillation is a response of the upper-level monsoon circulation 
to the eastward-propagating x mode. 
The question arose earlier as to what the possible impact of this 
30-60 day oscillation of the tropical easterly jet is on weather systems 
of the monsoon region and surrounding areas. The rainfall compiled by 
Koteswaram (1958) showed that a rain belt lies north of the axis of the 
tropical easterly jet east of the Indian subcontinent. In contrast, 
the rainfall is confined to the region south of the jet over Africa. 
Koteswaram's rainfall distribution over Africa is in accord with 
Nicholson's (1981) African rainfall climatology. The contrast of 
Koteswaram's rainfall distribution on the upstream and downstream sides 
of the tropical easterly jet is consistent with cross-jet circulations 
inferred from Chen's (1982) energetics analysis of this jet. The 
rainfall and weather systems on the upstreamside of the tropical 
easterly jet are closely related to the Asian monsoon and have been a 
subject of extensive studies, as reviewed by Lau and Li (1984). In 
contrast, the rainfall and weather systems on the downstream side of 
the tropical easterly jet over the African continent may need more 
attention. 
Tourre (1979) found the divergence field over the Sahel to be 
contiguous between the low-level African easterly jet and the upper-
level tropical easterly jet. He also found the mean convergence south 
of the African easterly jet and the mean convergence north of the 
tropical easterly jet to be crucial in inducing squall-line activities 
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between the two jets. Constructing squall-line trajectories, Bounoua 
(1980) found that most of the squall lines over the Sahel are confined 
by these two jets and are responsible for about 70% of the total 
precipitation over the Sahel. Any fluctuation in location and intensity 
of the two jets would alter squall-line formation and propagation and, 
in turn, the associated Sahelian rainfall. The five-day mean V (200 mb) 
synoptic charts shown in Fig. 16 do not seem to exhibit a significant 
component over equatorial Africa, but the impact of the low-frequency 
oscillation of the tropical easterly jet on the Sahelian rainfall is far 
from clear. Further efforts along this line may be worth pursuing. 
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VII. CONCLUDING REMARKS 
To explore the possible effect of tropical diabatic heating on the 
annual variation of subtropical jet streams, a simple diagnostic scheme 
linking tropical diabatic heating and planetary-scale divergent and 
rotational circulations is proposed. This chain relationship is 
portrayed in terms of the velocity-potential (x) maintenance and the 
streamfunction (i|;) budget equations. The former equation relates 
diabatic heating to velocity potential, whereas the latter depicts the 
effect of divergent circulation on the streamfunction tendency through 
that induced by vorticity source. Furthermore, x-maintenance, with 
which we combine the continuity equation and the vertical differen­
tiation of the thermodynamic equation, is used to examine how the 30-60 
day oscillation of planetary-scale divergent circulation is maintained. 
Finally, the ^^budget analysis is also performed to illustrate how the 
30-60 day velocity potential (x) mode interacts with the upper-level 
monsoon flow to induce the 30-60 day oscillation of the tropical 
easterly jet. The major findings of this study are summarized as 
fol lows: 
1. The annual variation of subtropical jet streams 
It was found that upper-level divergent (convergent) centers of the 
annual variation mode are coupled with those of tropical diabatic 
heating (cooling) in the summer (winter) hemisphere. That is, 
annual variations of both tropical diabatic heating and planetary-
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scale divergent circulation exhibit an annual in-phase seesaw 
oscillation between the winter and summer hemispheres. On the 
other hand, the annual variation of divergent circulation 
stimulates that of the streamfunction tendency induced by the 
vorticity source and gives rise to the annual variation of the 
streamfunction field and subtropical jet streams. In summary, the 
annual variation of subtropical jet streams is caused by the 
adjustment of atmospheric rotational flow through planetary-scale 
divergent circulation in response to the annual cycle of tropical 
diabatic heating. 
The maintenance of the 30-60 day oscillation of planetary-scale 
divergent circulation 
Based upon a regular EOF analysis of the 30-60 day filtered XQ» 
and anomalies, 30-60 day x oscillation is shown to be 
maintained primarily by the differential diabatic heating effect, 
which can be inferred from the Laplacian of the filtered XQ 
anomalies, i.e., by the Hyp anomalies. To understand the 
geographic relation between the differential diabatic heating 
effect and the 30-60 day x oscillation, composite charts of the 
Hyg anomalies during various stages of this oscillation were 
constructed. It was found that geographic distributions of the 
Hyp and OLR anomalies resemble each other. This resemblance 
indicates that the differential diabatic heating effect maintaining 
30-60 day x oscillation is attributable to the latent heat released 
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by cumulus convection. 
3. Intraseasonal variation of the tropical easterly jet 
The southern part of the tropical easterly jet south of 5° N over 
the Indian Ocean exhibits a 30-60 day oscillation with an amplitude 
of 6 ms"i at (75° E, 5° S). This oscillation almost synchronizes 
with the 30-60 day oscillation of the Indian monsoon troughs; and 
the latter couples with this oscillation of the low-level Indian 
monsoon circulation, particularly of the Somali jet. The synoptic 
relation among (%, Vx) (200 mb), OLR, and ip (200 mb) makes clear 
the synchronization of the 30-60 day oscillation of the tropical 
easterly and Somali jets. The significant outcome of the ^-budget 
analysis demonstrates that the 30-60 day oscillation of the 
southern part of the tropical easterly jet is a response of the 
upper-level monsoon circulation to the eastward-propagating % mode. 
After analyzing these different time-scale variations, i.e., annual 
and intraseasonal (30-60 day) variations, of well-defined atmospheric 
phenomena, we are convinced that future studies should take up this 
simple diagnostic scheme. First among future studies might be an 
attempt to verify the climate simulation by full-scale, sophisticated 
general-circulation model such as NCAR Community Climate Model (CCM). 
Although the annual variation of atmospheric circulation (Chervin, 1986) 
and the intraseasonal oscillation (Pitcher and Geisler, 1987) simulated 
by the NCAR CCM had been presented, the physical process caused by the 
chain relationship between diabatic heating and planetary-scale 
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divergent and rotational circulations has not yet been examined. 
Maintenance of different time-scale variations on atmospheric 
circulation requires further analysis. 
Secondly, the relation between the low-frequency oscillation of 
convective activity in the tropics and the intensity of planetary-scale 
upper tropospheric systems in the subtropics has been presented by 
Magana and Yanai (1990). They use the vorticity budget to examine the 
mid-Pacific trough acting as a two-way link between the tropics and 
midlatitudes. Again, the adjustment process during the interaction 
stage is not addressed. Therefore, subsequent studies could use the 
simple diagnostic scheme; and in such a way, the direct interaction 
mechanism might be illustrated. 
Finally, the intraseasonal oscillation of the tropical easterly jet 
may also affect weather systems in some other part of the African 
continent. The five-day mean streamlines at 200 mb and W (200 mb) for 
various phases of the intraseasonal oscillation of the tropical easterly 
jet (Fig. 19) show some interesting effects of this oscillation on the 
intensity of the African high. As illustrated in Fig. 19, this high is 
intensified (weakened) when u (75° E, 0°) reaches its maximum easterly 
(westerly) anomaly. How the weather systems over central Africa are 
affected by the oscillation of the African high is beyond the scope of 
this paper and warrants further study. 
Figure 19. The 5-day averaged streamlines at 200 mb and 
W (200 mb) for various phases of the 30-60 day 
oscillation of the tropical easterly jet. 
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